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ELECTRON TRAPS AND DELOCALIZA TION IN ALKALI MET AL ZEOLITES 
Paul Alexander Anderson 
Reported in this dissertation are the results of the most extensive and 
detailed study of the interaction between alkali metal vapour and zeolites, yet 
undertaken. The products were characterized by electron spin resonance (ESR) 
spectroscopy, and the results interpreted, where appropriate, in comparison with 
those from the products of the chemical reduction of the zeolites or with simulated 
spectra. Some results from solid-state nuclear magnetic resonance (NMR) 
measurements are also presented. 
The generic feature of the ESR results is a symmetric singlet resonance 
whose characteristics cannot be understood in terms of metal atoms or particles 
within the zeolite pores. Although the presence of this singlet is independent of any 
structural particular of the zeolite, a relationship has been uncovered between its 
linewidth and the silicon to aluminium ratio of the host, which demonstrates the 
controlling influence of the zeolite over the details of the spectrum. A new 
interpretative model is developed, based on the ionization of the incoming atoms to 
yield electrons which interact not only with both host and guest ions, regardless of 
any difference in electropositivity, but also with each other. It is suggested that 
these compounds may contribute to our understanding of the metal to nonmetal 
transition. 
In contrast, the presence of stable electron traps is shown to be a particular 
occurrence, conditional both on the presence of the sodalite cage structural unit, and 
on the absence of excessive ion crowding. The known electron traps Na4 3+ and 
K 4 3+ have - been examined in greater detail than before, and Sanderson ' s 
electronegativity model is applied to relate small variations in the hyperfine splitting 
of the former to the composition of the zeolite host. In addition two new centres 
(Na3 2+ and Nas 4+) have been discovered, and at last the existence of the elusive 
Na6 5+ is confirmed, completing a series ofNan<n-l)+ traps (n = 3, 4, 5, 6) . A 
similar series may exist for potassium, but no traps involving other cations, or a 
mixture of sodium and potassium cations, have been detected. 
Finally, some wider aspects of the chemistry of the reaction are briefly 
considered. 
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INTRODUCTION 2 
j 1.1 Zeolites 
Zeolites, a well defined class of crystalline aluminosilicates, many of which 
are naturally occuning minerals, are composed of comer sharing Si04 and Al0 4 
tetrahedra, 1 arranged into three-dimensional frameworks in such a manner that they 
contain regular channels and cavities of molecular dimensions. The presence of 
aluminium, formally AJ 3+, in such a framework, in place of silicon, Si4+, produces 
a net negative charge, which is balanced by cations resident in the cavities. These 
cations are usually coordinated to water molecules and often have a high degree of 
mobility, readily exchanging with others in aqueous solution. The water molecules 
can be removed by heating to enable various other molecules of suitable size to be 
absorbed by the zeolite. Zeolites have long been valued, as 'molecular sieves' for 
the separation of molecules according to shape and size, as cation exchangers, and 
latterly as industrial catalysts. All of these properties depend on precise selectivities 
which are determined firstly by the structure of the aluminosilicate framework and , 
often more subtly, by the number and nature of the exchangeable cations. A 
comprehensive compilation of zeolite structures has been published by Meier and 
Olson; 2 some of the best known and most widely used zeolites are illustrated in 
Figure 1.1. 
2 
In fact zeolite analogues have now been synthesized, containing elements such as boron, 
gallium, germanium, iron, phosphorus, titanium and zinc in tetrahedral sites, and some 
containing only silicon. See A. M. Barrer, Hydrotherma( Chemistry of Zeolites, Academic 
Press, London (1982); S. T. Wilson, B. M. Lok, C. A. Messina, T. R. Cannon, E. M. Flanigan, J. 
Am. Chem. Soc. 104, 1146 (1982) ; J. M. Bennett, J. P. Cohen, G. Artioli, J. J. Pluth, J. V. 
Smith, lnorg. Chem. 24,188 (1985); H.K. Beyer, I. M. Belenykaja, F. Hange, M. Tielen, P. J. 
Grobet, P.A. Jacobs, J. Chem. Soc. Faraday 1 81, 2889 (1985); J. Klinowski, C. A. Fyfe, G. 
C. Gobbi, J. Chem. Soc. Faraday 1 81, 3003 (1985). 
W. M. Meier, D. J. Olson, Atlas of Zeolite Structure Types, Butterworth Scientific Ltd, 
Sevenoaks (1988) . 
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Truncated octahedron 
Zeolite A Socialite 
Faujasite (zeolites X and Y) 
Figure 1.1 The socialite cage and the structures of some minerals containing it as 
a structural unit. The vertices of the polyhedra are occupied by the framework 
silicon or aluminium atoms; the framework oxygen atoms are omitted for clarity. 
INTRODUCTION 4 
The truncated octahedron, or tetrakaidecahedron, variously also known as 
the sodalite cage or {3-cage, is the principal building block of the other structures 
shown. It measures 6.5 A in diameter and is accessible through twelve-membered 
rings of diameter 2.2 A which, comprising six T atoms (where T = Al, Si) and six 
oxygen atoms, are known as 6-rings. The shape is one of Fedorov's five space 
filling solids so, when eight such cages are stacked in cubic fashion, the central 
space is also a truncated octahedron, and this is the structure of the mineral 
sodalite. The framework of sodalite contains equal numbers of silicon and 
aluminium atoms, perfectly ordered in alternate tetrahedral sites. The closely related 
zeolite A, whose structure is not found in nature, also exhibits a cubic 
arrangement of sodalite cages, which are this time joined by oxygen atoms linking 
together the 4-rings of neighbouring units. Thus created, are small inaccessible 
cubes and a large central cage, the a-cage, which is 11.5 A in diameter and 
accessible through larger 8-rings of diameter 4.2 A. Once again, the silicon to 
aluminium ratio (r) is always close to unity, silicon and aluminium atoms occupying 
alternate tetrahedral sites. In the faujasite structure, sodalite cages are linked by 
the bridging of 6-rings to form hexagonal prisms. This structure contains 
supercages of diameter 12A, accessible through enormous 12-rings, 7.4A in 
diameter. As a naturally occurring mineral, faujasite is comparatively rare, but its 
synthetic counterparts, zeolites X and Y, are manufactured by the kiloton. With 
identical framework structures the two synthetic faujasites differ only in silicon to 
aluminium ratio, which for zeolite X is 1.1 ± 0.1, and for zeolite Y can be anything 
greater than about 1.5. 
The zeolites A, X and Y are each said to have a three-dimensional channel 
system, in that a guest molecule may diffuse to any other place in the crystal. Some 
others, notably mordenite and ZSM-5, will admit of motion in only two 
dimensions , or indeed like zeolite L, in only one. Mordenite in fact has a system 
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comprising a set of parallel main channels, 7 .0 x 6. 7 A, which are linked in planes 
by others, a mere 2 .8 A in diameter at their narrowest point. Zeolite L has only 
parallel channels of diameter 7.1 A. 
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j 1. 2 Zeolites and alkali metals 
The reaction of alkali metals with zeolites is not new. As long ago as 1966, 
Rabo et al.3 reported that when sodium zeolite Y (Na-Y) was exposed to sodium 
vapour under vacuum, a bright red colour developed. This was attributed to the 
formation of Na4 3+ colour centres, which had first been observed the previous year 
by Kasai,4 on irradiation of the same zeolite. When exposed to sodium vapour 
under similar conditions, Na-X exhibited a blue colour, which was interpreted in 
terms of Na6 5+ centres. Barrer and Cole 
5 
subsequently showed that Na4 3+ centres 
could also be produced when dehydrated synthetic sodalite was allowed to react 
with a controlled amount of sodium vapour, and that the mineral was capable of 
sorbing sodium atoms in excess of the amount required to form a centre in each 
sodalite cage. Later, Westphal and Geismar 
6 performed a series of reactions 
between Y zeolites containing various cations and the vapours of several alkali 
metals, but the products were poorly characterized. Finally, Edwards et af.
7
•
8 
prepared the potassium centre K 4 3+, and found that zeolite Y .reacted with higher 
concentrations of alkali metal vapour to form dark solids, whose ESR spectra were 
attributed to small particles of metal located within the zeolite pores. With the use of 
both zeolites and supported metal particles as catalysts so widely established, 
workers have not been slow to investigate the catalytic potential of these new 
3 
4 
5 
6 
7 
8 
J. A. Rabo, C. L. Angell, P. H. Kasai, V. Schomaker, Discuss. Faraday Soc. 41, 328 (1966). 
P. H. Kasai, J. Chem. Phys. 43, 3322 (1965). 
R. M. Barrer, J. F. Cole, J. Phys. Chem. Solids 29, 1755 (1968). 
U. Westphal, G. Geismar, Z. anorg. a/lg. Chem. 508, 165 (1984). 
P. P. Edwards, M. R. Harrison, J. Klinowski, S. Ramdas, J. M. Thomas, D. C. Johnson, C. J. 
Page, JCS Chem. Commun. 1984, 982. 
M. R. Harrison, P. P. Edwards, J. Klinowski , J. M. Thomas, D. C. Johnson, C. J. Page , J. Solid 
State Chem. 54, 330 (1984) . 
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compounds. Already the interaction of the sodium compounds with 02 , SO 2, Ar, 
Kr, CO, C02 , benzene, n-hexane, NH3 and notably N2 has been examined.3' 6 ' 9 
Whereas earlier workers preferred to emphasize the potential of zeolites as 
solid state polar solvents, able to stabilize unusual ionic species, later papers have 
suggested that the regular system of well defined intracrystalline voids might be 
ideal for the preparation and study of very small metallic particles. Even if the two 
roles, firstly as an active solvent, and secondly as a passive host, do not seem 
entirely compatible, the interaction of zeolites with alkali metals is certainly worthy 
of closer study. 
9 Y. Be n Taarit. C. Naccache, M. Che, A. J. Tench, Chem. Phys. Lett. 24, 41 (1974) . 
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j 2 .1 Zeolites 
The zeolites Na-X, Na-Y and K-L were obtained from Laporte Inorganics, 
and Na-A from BDH; frameworks containing other cations were prepared through 
ion exchange as detailed in Table 2.1. The exchanged zeolites were analysed by 
atomic absorption and their crystallinity checked by powder X-ray diffraction 
(XRD), but because they inevitably contain some residual sodium ions their 
nomenclature is somewhat arbitrary. For any zeolite Z exchanged with the cations 
of a metal M, those samples which have been shown to play host to a sodium 
electron trap are designated MpNaq-Z, where p and q are the numbers of cations 
per unit cell (p.u.c.); 1 the others are described simply as M(p+q)-Z. For caesium 
zeolites the absence of sodium traps was achieved through the use of large amounts 
of caesium salt and elevated temperatures, but unfortunately the application of 
analogous methods to produce rubidium zeolites is inhibited by the high cost of 
rubidium salts. The chemical effects on the zeolites of the relatively harsh exchange 
conditions were checked by a dummy exchange : no qualitative differences were 
observed in the products of reactions involving ' exchanged' and unexchanged 
Na-Y. The use of different salts for the exchange process was explored for K-Y, 
and was also found to be without effect. 
The unit ce ll fo rmulae are take n from W. J. Morti er , Compilation of Extra Framework Sites, 
Butterworth Scient ific Ltd, Gui ldford (1984) . 
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Table 2.1 Jon exchange procedures. 
Zeolite Short notation Exchange procedure Residual sodium 
Nass-Y Na-Y 70°C, 25g/l: 2M NaN03, 72h 100% 
Kss-Y K-Y 28 °C, 25g/l: 2M KCI, 24 h 
1 M KCI, 24 h x 2 3% 
Kss-Y K-Y 28°C,25g/l: 2M KN03, 36h 
1 M KCI, 24h 
1 M KN03, 24h 4% 
K54-Y K-Y 2 8 °C, 25 g /I: 2 M KCI, 24 h 
1 M KCI, 24 h x 2 6% 
KsrX K-X 28°C, 25g/l: 2M KCI, 24h 
1 M KCI, 24 h x 2 6% 
K,2-A K-A 28°C, 25g/l: 0.1 M KN03, 24 _h x 7 5% 
CS54-Y Cs-Y 70°C, 25g/l: 1 M CsN03, 48h X 4 20% 
Cs 12-A Cs-A 70 °C, 25 g/1: 25g CsN03, 48 h x 4 25% 
Na19Rb4s-Y Rb-Y 70°c, 2s 911 : 109 RbN03, 48h x 4 35% 
Li44Na1rY LiNa-Y 70°C, 25g/l: 2M LiN03, 24h 
1 M LiN03, 24h x 2 22% 
li49Nas-Y Li-Y 60°C, 25g/l: 2M LiN03, 24h 
1MLiN03,24hx4 11 % 
Lis2Nas-X Li-X 70°C, 25g/l: 2M LiN03, 24h 
1 M Li N03, 24 h x 4 6% 
LisNa4-A Li Na-A 60°C, 25g/l: 0.1 M LiN03, 24h x 4 33% 
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In preparation for reaction, a suitable amount of zeolite (typically - 1 g) was 
placed in an appropriate vessel, which had been soaked in strong detergent, rinsed 
thoroughly with tap and distilled water, and fired overnight at 500 °C. The vessel 
was then connected to a vacuum line, heated gradually to between 400 and 600 °C, 
and dehydrated overnight to -10-5 mbar; within these limits the temperature of 
dehydration was found to have no qualitative effect on the final products. The 
crystallinity of representative samples was subsequently checked by powder XRD, 
and their ESR spectrum was recorded. In no case was any significant signal 
observed. 
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j 2. 2 The introduction of metal 
The ESR signal of alkali metals is known to be particularly sensitive to the 
presence of trace impurities.2 For this reason metals of the highest purity available 
were purchased in breakseal ampoules and distilled into capillary tubes without 
exposure to the atmosphere. This was achieved by means of techniques and 
apparatus which were developed for the study of alkali metal solutions in ammonia 
and other solvents, and which have been described in detail by Dye.3 In this fonn, 
the required amount of alkali metal could be selected by measuring a suitable length 
of capillary tube. The reactions took place in fused silica tubes, consisting of a 
central chamber to which were attached both an access arm and a length of ESR 
tube. The metal was introduced to a reaction tube containing freshly dehydrated 
zeolite in one of two ways. The first method, used for most sodium and potassium 
samples, involved disconnecting the vacuum line and placing the capillary tu be into 
the access ann of the reaction tube, which was maintained at room temperature 
throughout. During this action, the zeolite was maintained at over 400 °C to prevent 
the reabsorption of water from the atmosphere; oxidation of the metal was confined 
to the open ends of the capillary tube and was slight. The vacuum line was 
reconnected and the reaction tube evacuated to -10-5 mbar once more, whereupon 
the furnace was switched off and the zeolite allowed to cool. Still under vacuum, 
the capillary tube was then tipped into the main chamber of the reaction tube, and 
the access arm sealed by gas torch. Unfortunately, the rush of warm air as the 
second evacuation took place was enough to melt the heavier metals, rubidium and 
caesium, and so a second procedure was developed. A vacuum tap was interposed 
between the reaction tube and the vacuum line, and after dehydration overnight, the 
2 
3 
G. Feher, A. F. Kip, Phys. Rev. 98, 337 (1955). 
J. L. Dye, J. Phys. Chem. 84, 1084 (1980). 
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zeolite was allowed to cool to room temperature, whereupon the vacuum tap was 
closed. The reaction tube was then taken into an argon glovebox where the metal 
was introduced, and returned to the vacuum line to be evacuated and sealed as 
before. This method had the added advantage that at no stage did the metal come 
into contact with the atmosphere. 
When the sealed tube was later heated, the alkali metal vapour filled the 
reaction chamber and spontaneous coloration of the zeolite occurred. Initially the 
coloration was not homogeneous, the lower parts of the zeolite not being exposed to 
the vapour; frequent rotation of the reaction tube was required to produce a 
homogeneous sample. The details of reaction varied from case to case and are 
discussed both in the results sections and, more generally, in Chapter 8. A portion 
of each sample was sealed in the ESR section of the reaction tube so that 
measurements could be made without exposing the product to air. The compounds 
were all unstable in air-some extremely sensitive, others taking several weeks to 
react completely. In water, they produced hydrogen gas and a basic solution, but 
none reacted violently like the parent metals. This inhibition of reactivity is probably 
kinetic in origin , the diffusion of reacting molecules into filled zeolite cavities 
occurring only slowly. Titration of the alkaline solutions enabled an estimate of the 
concentration of metal in the sample to be obtained. The amount of added metal 
could also be estimated from the length and bore of the capillary tube and, knowing 
the mass of the zeolite, the approximate stoichiometry of the samples could be 
calculated. For a number of reasons this method alw·ays produced a higher value : 
there may be partial oxidation of the metal during transfer to the reaction tube; some 
metal is used up in the 'threshold effect' (Chapter 8); a certain amount of metal may 
react with the zeolite to form insoluble silicate or aluminate species; a certain amount 
may react with the silica vessel itself. In short, the first method gave a lower limit 
and the second an upper limit to the actual concentration , and it is the latter, 
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available without sacrifice of the sample, which is quoted in this work. The average 
discrepancy was less than 30% and this may be taken as an indication of the 
accuracy of the estimates. The crystallinity of representative samples was examined 
by powder XRD, again a process which necessitated their exposure to air. The 
measurements are valid only if this process does not further damage the zeolite 
framework. Neutron diffraction measurements on intact samples suggest that this 
assumption is justified. 
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· 12. 3 Other reactions 
Apart from the direct reaction, two other strategies have been devised for the 
creation of low valent alkali metal species within the pores of a zeolite. The first, a 
simple reduction of the zeolite cations, stems from the work of Yoon and Kochi,
4 
who used organolithium reagents to produce Na4 3+ in Na-X and Na-Y. In this 
work such reagents have been found to be ineffective for other zeolites, but the 
method has been adapted through the novel use of solvated electron solutions 
formed in situ by the dissolving of lithium metal in primary amines. The reactions 
were performed under argon in pyrex schlenk tubes; high purity lithium shot was 
cleaned in hexane, toluene, hexane again, and finally by stirring for several hours in 
amine, before addition to a second tube containing a supension of the dehydrated 
zeolite in the same amine. After stirring for up to 72 hours the solution was filtered 
to yield a coloured solid, which was washed with hexane and taken into an argon 
glovebox to be loaded into an airtight ESR tube. Although the reduction of a 
substantial proportion of the zeolite cations can sometimes be achieved in this 
manner, the reaction is most useful for the preparation of zeolites containing a very 
low concentration of reduced alkali metal species, which are difficult to produce in 
other ways. 
The second procedure, due to Martens et al.,5 involves the impregnation of 
a dehydrated zeolite with an alcoholic solution of sodium azide, followed by the 
controlled decomposition of the azide. Spectacular claims have been made for this 
method, that it produces loading levels fifty times higher than the vapour reaction,6 
4 
5 
6 
K. B. Yoon, J. K. Kochi, JCS Chem. Commun. 1988, 510. 
L. R. M. Martens, P. J. Grobe!, P.A. Jacobs, Nature 315, 568 (1985). 
L. R. M. Martens, W. J. M. Vermeiren, P. J. Grobe!, P. A. Jacobs, Stud. Surf. Sci. Cata/. 31, 
531 (1987). 
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and in particular much higher concentrations of Na4 3+; 
7 but in this dissertation the 
vapour reaction is shown to produce loading levels which more than match those of 
the azide route, and Kasai and Bishop 8 have reported concentrations of Na4 3+ 
close to the theoretical maximum of one in every sodalite cage. In general, other 
workers have been slow to recognize the detrimental effect on the zeolite framework 
of the combination of alkali metals and high temperatures (Chapter 8), and this may 
explain some poor results. Bearing in mind that the temperatures used to decompose 
the azide are often higher than those recommended in this work, and that some 
nitrogen atoms from the azide have been shown to remain interacting with both 
sodium and zeolite,6 it is no surprise that the spectra of compounds thus prepared 
do not always match those reported herein (see for example the NMR results of 
Chapter 4). The main advantage of the method seems to lie in its ability to produce 
reliable samples, without the precision required in the vapour reaction, and in a 
medium which is convenient for the further study of the catalytic properties of the 
products. It has not been used in this work. 
7 
8 
R. E. H. Breuer, E. de Boer, G. Geismar, Zeolites 9, 336 (1989). 
P. H. Kasai, R. J. Bishop, J. Phys. Chem. n, 2308 (1973) . 
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r 3 .1 Introductory remarks 
In the presence of a static magnetic field, there occurs a splitting in certain 
previously degenerate energy levels, of any particle in possession of both charge 
and angular momentum. This, the Zeeman effect, fonns the basis of both electron 
spin resonance (ESR) and nuclear magnetic resonance (NMR). In an applied 
magnetic field a free electron, for example, can be described by the Hamiltonian 
Jf = g /3H Sz -3.1 , 
where /3 is the Bohr magneton, /3 = eh /2me, H the field applied, and S z the 
component of the spin angular momentum in the direction of that field (the 
z-direction). For a free electron, the dimensionless constant g, namely the electronic 
g-factor or g-value, is known from both experiment and theory to have the value 
ge = 2.00231. The component S1 may have the value+ ~ or - ~ , and transitions 
between these two states can be induced by radiation of frequency v, corresponding 
to the characteristic Zeeman energy, such that 
hv=gf3H or w=yH -3.2, 
where w is the angular frequency v /2rr., and y is the electron gyromagnetic ratio, 
y =g f3 I h. Einstein has shown that induced transitions between a given pair of 
energy states occur with equal probability in each direction; 1 a net resonance 
absorption is observed because the populations of the upper and lower levels are not 
equal, the upper level having fewer inhabitants in accordance with Boltzmann's 
law. 
K. J. Standley, R. A. Vaughan, Electron Spin Relaxation Phenomena in Solids, Hilger, London 
(1969). 
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The discoverers of the effect hoped that the measurement of such transitions 
would yield important information about fundamental particles and atomic nuclei, 
and were dismayed to find that the 2.eeman energy levels are perturbed by the 
presence of other electrons and nuclei. The chemical information provided in this 
way means that their loss is very much our gain. Many excellent books on magnetic 
resonance, both introductory and advanced, are already in existence, and no attempt 
is made to reproduce their contents here. What follows is intended only to serve as a 
framework for the discussion of experimental results. Magnetic resonance 
techniques have the advantage of not being destructive of the sample, and ESR, in 
particular, is one of the few spectroscopies which measure directly the properties of 
electrons in the valence shell. Since the alkali metals are paramagnetic both as 
isolated atoms and in the metallic form itself, ESR is uniquely suited to the study of 
their interaction with zeolites. 
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r 3. 2 Electron spin resonance 
I a. Basics 
An unpaired electron in an atom or molecule may possess orbital angular 
momentum in addition to its spin. In this case g can deviate from the free spin value 
(ge) and is correctly represented by a symmetric second rank tensor, with three 
principal components. In an orbitally nondegenerate ground state, this can only 
occur through mixing of ground and excited states by spin-orbit coupling. In 
general the magnitude of the g-shift (!).g) is determined by a relation of the fonn 
-3.3, 
where A denotes the composite spin-orbit coupling constant of the atoms 
encompassed by the orbital of the unpaired electron, and !).£ an appropriate 
. . 2 
exc1tat10n energy. 
A funher complication is the magnetic coupling between the unpaired 
electron and those nuclei in the system having nuclear spin. The simplest such case, 
where an electron interacts with one nucleus of spin /, can be described by the 
Hamiltonian 
:Jf = /3 H.g.S + S.A.I - gN /JN ff.I -3.4. 
The first term is the electronic Zeeman energy in tensor form, while the second term 
represents the so-called electron-nuclear hyperfine interaction (where A is the 
hyperfine tensor) and results in a splitting of the resonance into 2nl + 1 lines. 
2 
A. Carrington, A. D. MCLachlan, Introduction to Magnetic Resonance, Harper and Row, New 
York (1967) . 
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Various mechanisms may contribute to this coupling, of which the strongest is the 
Fermi contact interaction. This applies.only to electrons ins-orbitals, which have a 
finite density at the atomic nucleus, and is in consequence isotropic. The glut of 
electronic and structural information that may be harvested from a hyperfine 
splitting pattern ensures that this interaction is undoubtedly the most imponant in 
ESR spectroscopy, 3 but in many cases its extraction is not trivial. In this work the 
experimental spectra are routinely interpreted through comparison with simulated 
hyperfine patterns. The third term represents the nuclear Zeeman energy, imponant 
in NMR, but which has no bearing on the ESR experiment. 
Time to relax 
As already mentioned, the observation of a resonance absorption depends 
on the inequality in population of the upper and lower states, yet the result of this 
absorption is to promote spins from the lower to the upper state, thus removing the 
imbalance. If this were the only process taking place, the populations would rapidly 
become equal, and absorption would cease altogether. Such a state of affairs is 
known as saturation, and that it occurs only in special cases is a clear sign that 
another process is implicated. That process is spin-lattice relaxation and involves 
the nonradiative loss of energy by spins in the upper level to the surroundings. The 
spin- lattice relaxation time T1 , also known as the longitudinal relaxation time , is a 
measure of the efficiency of this mechanism: large values of T1 indicate very slow 
relaxation and a resonance which is easily saturat~d. It is clear that because of 
relaxation, spins in the upper level have a finite lifetime. This means that the 
absorption line cannot be represented by a delta function, but is broadened to a 
3 
J. E. Wertz, in Handbuch der Physik Vol. XVIII / I (ed. S. Flugge), Springer Verlag, Berlin 
(1968), p. 145. 
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width of -1 /2T1 in accordance with the uncertainty relation !:iwM = l. There are 
however other processes occurring in both solids and liquids, which cause ·. 
fluctuations in the relative energies of spin levels, and in most cases it is these 
which determine the resonance linewidth. Thus the total linewidth is characterized 
by a second parameter T2, often called the spin-spin relaxation time or, more 
satisfactorily, the transverse relaxation time. 
Consider an assembly of spins subjected to a static magnetic field Hin the 
z-direction. Because of their angular momentum the individual spins are not aligned 
directly along the field direction but precess around it at the resonant frequency. 
Known as Larmor precession, this behaviour is reflected in the bulk magnetic 
moment M, which is described by the following equations: 
dMx 
wMy = dt 
dMy 
= -OJMx dt 
dMz 0 - 3.5 . = dt 
The effect of relaxation was first considered by Bloch,
4 
who modified the 
equations, to describe how M reverts to equilibrium when the system is perturbed, 
for example by the magnetic field of incident radiation : 
4 
dMx 
dt 
= 
F. Bloch , Phys. Rev. 10, 460 (1946) . 
dM2 
dt 
= 
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-3.6, 
where Mo is the equilibrium magnetic moment along the field direction. The 
relaxation processes which govern T1 and T2 are dependent on both the chemical 
and electronic environment, so the measurement of these parameters can often 
provide information complementary to that obtained from g-values or hyperfine 
splittings. 
The shape of things to come 
Besides providing a precise definition of T1 and T2, Bloch's equations can 
be used to predict the shape of a magnetic resonance line. A system obeying the 
equations will produce the familiar lorentzian lineshape, as long as saturation does 
not occur and certain other experimental conditions are met (§ 3.4 ). In Es R 
experiments the absorption frequency cvo is held constant and the field is slowly 
swept through resonance. The lorentzian line has a sharp peak at H = cvo I y, and 
the width between the points where the absorption has half its maximum height is 
2 / yT 2 . In practice the signal is normally detected with field modulation, which 
results in the familiar derivative curve dg /dH. In this case the two peaks 
correspond to the points of maximum slope in the absorption curve, and the 
separation between them is 
Aff - 2 
PP - {3yT2 -3.7. 
It is this quantity which is quoted for ESR lines throughout this work. Magnetic 
resonance lines of liquid samples almost always exhibit the lorentzian lineshape. 
In some cases other lineshapes may be regarded as a bonus, betraying a 
considerable amount of information about the spin system, but 'concealing' is often 
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a more appropriate word. The complex subject of ESR lineshapes and their analysis 
has been reviewed by Poole and Farach.
5 Frequently, non-lorentzian lines result 
from the existence of a distribution of g-values in the sample. The observed 
resonance is then the convolution of a lorentzian line with the distribution function 
of g-values, and may appear as a complex pattern. An example is the so-called 
powder pattern obtained from powdered samples containing a paramagnetic centre 
with an anisotropic g-tensor. In other cases a single line may remain, whose actual 
linewidth is greater than the natural value determined by Tz. This inhomogeneous 
broadening may be caused by inhomogeneities in the sample or the magnetic field, 
by dipolar interactions between unlike spins, or by unresolved hyperfine splitting, 
in which case the line is approximately gaussian in shape. The lorentzian and 
gaussian lines are both symmetric about their maximum, the main difference being 
that the former decays much more slowly in the wings. Alternatively there may be a 
range of linewidths associated with a single g-value, producing a composite 
symmetric line, which is even broader in the wings than a pure lorentzian. 
Single, narrow near-lorentzian ESR lines are sometimes observed when a 
more complex resonance, perhaps with hyperfine splitting, might be expected. The 
phenomenon commonly occurs in solid samples containing a high enough 
concentration of paramagnetic centres, that the electronic wavefunctions overlap and 
the electron spins may rapidly interchange with one another, each experiencing 
many different environments. If this exchange is rapid on the ESR timescale, it 
results in an averaged ESR signal, where much of the information, in particular any 
hyperfine splitting pattern, is lost. In addition, certain line broadening interactions 
may be averaged to zero, and an exchange narrowed line results. Similar effects, 
motional averaging and motional narrowing, can occur even when the centres are 
5 
C. P. Poole, H. A. Farach, Bull. Mag. Res. 1, 162 (1980). 
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dilute, if the electrons are able to 'hop' freely between adjacent trapping sites. In 
both cases the averaging process is characterized by a frequency W71 , which can be 
estimated from the following relation : 
-3.8, 
where A is the expected hyperfine splitting, and Mlpp the measured linewidth.6 
A final possibility is that the sample may be metallic. 
6 
After N. Nicoloso, W. Freyland, J. Phys. Chem. 87, 1997 (1983). 
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3. 3 Conduction electron spin resonance 
G. In theory 
The accepted view of a metal describes a regular lattice of metal cations, 
engulfed in a swarm of itinerant valence electrons, a situation which ought to be 
fruitful for ESR studies. Yet experimental measurements have shown that 
conduction electron spin resonance (CESR) signals are comparatively weak. The 
intensity of an ESR signal is dependent on the magnetic susceptibility (x), which for 
· an assembly of n noninteracting spins is given by the Curie law, 
= nµ2 
X 3kT - 3.9, 
(where µ is the magnetic moment) and is strongly dependent on temperature 
(Figure 3.1). According to the theory of Fermi and Dirac,7 the only electrons in a 
metal that have the opponunity to change their orientation when a magnetic field is 
applied, are those having energy within -kT of the Fermi energy EF. Thus the 
metal possesses only a small paramagnetic susceptibility given by 
X -3.10, 
which is to a very good approximation independent of temperature. 
This is known as Pauli paramagnetism and, irnponant though it is, there is 
another factor which helps explain the relative weakness of CESR signals. Upon 
entering a metal, microwaves are very rapidly attenuated and penetrate only a 
distance 8, given by 
7 
C. Kittel , Introduction to Solid State Physics, Wiley , New York (1976) . 
PHYSICAL METHODS 27 
O=~ -3.11, 
where c is the velocity of light through vacuum, £o the vacuum permittivity, p the 
electrical resistivity of the metal, and vthe frequency of the radiation. 
~ 
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Figure 3.1 Curie and Pauli paramagnetism. 
Temperature 
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This phenomenon, known as the skin effect, means not only that much of the metal 
does not experience the microwave field, but also that the amplitude and phase of 
the microwave radiation varies strongly with distance from the surface of the metal. 
The result is a resonance which is a mixture of the absorptive and dispersive pans 
of the lorentzian function,
8 
and has the characteristic asymmetric shape shown in 
Figure 3.2. The theory developed by Dyson 
9 
enables such a spectrum to be 
analysed to yield the usual parameters. 
To explain the electrical resistance of a metal it is necessary to postulate that 
th . . f h . . d . 1 lO O h 
11 d 
ere 1s some scattenng o t e mnerant con uct10n e ectrons. ver auser an 
Elliott 12 showed that, owing to the influence of spin-orbit coupling, conduction 
electrons cannot be described by pure spin-up or spin-down wavefunctions, but 
occupy states of mixed character, with the result that the collisions which cause the 
electrical resistance of a metal also have a finite probability of causing a spin 
reorientation. Since the interaction of the lattice with the electron motion is much 
larger than either conventional spin-lattice or spin-spin interactions, a small degree 
of spin-orbit coupling provides a very effective relaxation process. For an isotropic 
metal, we find that T1"" T2, and the rate of spin relaxation is dependent on both the 
resistivity of the metal and the spin-orbit coupling constant of the atomic core.
13 
Since the frequency of scattering is roughly proportional to temperature, the effect 
8 
9 
10 
11 
12 
13 
G. Feher, A. F. Kip, Phys. Rev. 98, 337 (1955). 
F. J. Dyson, Phys. Rev. 98, 349 (1955). 
J . M. Ziman, Electrons and Phonons,_ Clarendon Press, Oxford (1960) . 
A.W. Overhauser, Phys. Rev. 89 , 689 (1953). 
R. J. Elliott, Phys. Rev. 96, 266 (1954) . 
Y. Yafet, Solid State Physics Vol. 14 (ed. H. E. Ehrenreich , F. Seitz, D. Turnbull) , Academic 
Press, New York (1963) . 
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of lowering the temperature should be a reduction in the linewidth due to a decrease 
in the spin relaxation rate. 
dP 
-dH 
8H 
~Hp-p 
I 
Figure 3.2 The characteristic shape of CESR lines, showing the parameters used 
in Dyson' s analysis. 
H 
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The conduction electrons in a metal do not occupy identical electronic stares, 
so the resonance behaviour may be very complex. The apparent simplicity, in many 
instances, of the CESR signal is another consequence of resistivity scattering, which 
averages the effects of differing g-values and the hyperfine interaction. For the 
alkali metals, at least, this unique brand of motional averaging is complete. 14 
Small metallic particles 
Large improvements in signal intensity are to be expected if metals are 
studied in the form of particles em bedded in a suitable insulating support, and 
Webb 15 has modified Dyson 's theory to deal with this case. One important result is 
that when the particle diameter is less than the skin depth, a symmetric lorentzian 
resonance is expected. Since the skin depth decreases as temperature, and hence 
resistivity , decreases, we may find a resonance which is symmetric at room 
temperature becoming asymmetric as the temperature is lowered. The particle size 
may have a significant effect on the linewidth of the CESR signal, the role of the 
surface becoming much more important in smaller particles. Conduction electrons 
are scattered by the surface, and so there is an important surface contribution to the 
relaxation rate, often enhanced by the presence of localized spins at the surf ace , 
which are sensitive to the surroundings . Furthermore, surface atoms have a 
different environment to those in the bulk and may give rise to a slightly different 
resonance signal. The net result should be that smaller particles give a broader CESR 
line. Many of these effects have been observed in small particles of the alkali 
14 
A. E. Hughes, S. C. Jain, Adv. Phys. 28, 717 (1979); and references therein. 
15 
R. H. Webb, Phys. Rev. 158, 225 (1967). 
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1 
14,16,17 
meta s. 
The above considerations apply· to measurements of particles large enough 
that quantum size effects are unimponant, but for the smallest particles the electronic 
energy levels may no longer be regarded as a continuous band. If the energy level 
spacing (.1) is greater than the splitting of the Zeeman levels, then the spin relaxation 
mechanism is inhibited, resulting in a narrow resonance line. This quantum size 
. . edi ed if 18 narrowing IS pr et to occur 
.1 » gf3H -3.12 
and 
-3.13. 
The first condition prohibits spin relaxation through electron scattering, and the 
second stems from the uncenainty principle to take account of the possible overlap 
of states due to lifetime broadening. Under these circumstances the resonance 
linewidth is expected to be proportional to the square of the particle diameter. In the 
limit of equation 3 .12, the resonance should also become easily saturable as the 
spin-lattice relaxation time becomes long. All these effects have been observed in 
16 
17 
18 
F. Vescial, N. S. van der Ven, R. T. Schumacher, Phys. Rev.134, A1286 (1964); R. Catterail, 
P. P. Edwards, Adv. Mo/. Relaxation Processes 7, 87 (1975) ; S. C. Guy, P.P. Edwards, Chem. 
Phys. Lett. 86, 150 (1982); R. N. Edmonds, P. P. Edwards, S. C. Guy, D. C. Johnson, J. 
(1984); S. C. Guy, R. N. Edmonds, P. P. Edwards, J. Chem. Soc., Faraday Trans. 281,937 
(1985). 
R. N. Edmonds, P. P. Edwards, Proc. R. Soc. Lond. A 395,341 (1984). 
A. Kawabata, J. Phys. Soc. Jpn 29, 902 (1970) . 
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talli . 1 19,20,21 Th f . al d . h . 1 small me c paruc es. e g- actor 1s so expecte to vary wit paruc e 
size, but at the moment there are conflicting predictions about the nature of the 
. . 1 s. 22 E . al l . . l . 20 vanauon. xpenment resu ts remain mconc us1ve. 
Depending only on the separation of energy levels and not on the 
distribution of electrons between levels, in theory the effects just mentioned apply at 
all temperatures, although in practice condition 3.13 is more likely to be met at low 
temperatures. 18 One final quantum size effect concerns the magnetic susceptibility, 
and is observable only if the much more stringent condition, 
L\ » kT -3.14, 
is met. Under these circumstances, for monovalent metals such as the alkali metals, 
the highest occupied energy level will contain either one or two electrons depending 
on whether the particle has an odd or even number of atoms. Kubo 
23 
showed that 
in the high temperature limit both 'odd' and 'even' particles are expected to exhibit 
Pauli paramagnetism, but at lower temperatures the unpaired spins of the odd 
particles should display Curie paramagnetism while the even particles become 
diamagnetic (Figure 3.3). If there is an equal number of even and odd particles , the 
net effect should be an increase in susceptibility at low temperatures , which would 
be reflected in an increase in the resonance intensity. Although expected to be 
19 
J.-P. Borel , C. Borel-Narbel, R. Monot, Helv. Phys. Acta 47,537 (1974). 
20 
R. Monot, C. Narbel, J.-P. Borel, Nuovo Cimento B 19, 253 (1974); J.-L. Millet, J.-P. Borel , 
Solid State Commun. 43, 217 (1982). 
2 1 
J.-P. Borel , J.-L. Millet, J. Phys. (Paris) Colloq. 38, C2-115 (1977). 
22 
J. Buttel, R. Car, C. W. Myles, Phys. Rev. B 29, 2414 (1982). 
23 
R. Kubo, J. Phys. Soc. Jpn 17, 975 (1962). 
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quenched in metals with sizable spin-orbit coupling this effect has been observed in 
small panicles of metals such as lithium 21 and silver. 24 
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Figure 3.3 The magnetic susceptibilty, as a function of temperature, predicted 
for small metallic particles containing either an odd or an even number of 
monovalent metal atoms; Xp is the Pauli susceptibility. 
24 . . 
R. Monot, J.-L. Millet, J. Phys. (Pans) 37, L-45 (1976). 
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[3.4 ESR in practice 
First and second derivative ESR absorption spectra were recorded on a · 
Varian E-109E spectrometer operating at X-band frequencies. Magnetic fields of up 
to 6000G were supplied by a Varian V-7200 electromagnet; the linearity of the field 
scan and accuracy of the scan range were established through the measurement of 
known hyperfine splittings. The field was also shown to be sufficiently 
homogeneous throughout the sample volume, that lorentzian lines from a standard 
sample with Mlpp = O.I G were not noticeably distoned. Microwave power up to 
200 mW was provided by a Varian E-102 microwave bridge but most spectra were 
recorded at much lower power ( < 1 mW); the fidelity of the power attenuation was 
verified by saturation measurements. The microwave frequency was tuned to the 
resonant frequency of the loaded cavity (-9.25 GHz) and measured with a Hewlett-
Packard 5342A frequency counter to an accuracy of± 1 kHz, much less than the 
typical drift in resonance frequency during the recording of a spectrum. The 
microwave cavity was a rectangular Varian E-231, operating in the TE-102 mode. 
Poor reproducibility has been reponed in ESR studies both of alkali 
metals,25 and of zeolites,26 but the problems in this respect that were anticipated 
failed to materialize, except in two cases. The first of these concerns the reductions 
in solution, where the problem can be traced to a procedure much inferior, in 
protecting the products from the atmosphere, to that used for the vapour reactions. 
The second relates to zeolite A, where the unpredictable effects of framework 
decomposition are to blame (see Chapter 8). 
25 
G. Feher, A. F. Kip, Phys. Rev. 98, 337 (1955). 
26 
P. H. Kasai, R. J. Bishop, in Zeolite Chemistry and Catalysis (ed. J. A. Rabe) , ACS Monograph 
NO 171, p. 384 (1976) . 
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[a. g-values 
Although it is possible to calculate g-values from equation 3.2 by the direct 
measurement of both microwave frequency and magnetic field, a sufficiently 
accurate measurement of the field requires additional hardware. An alternative 
approach is to calibrate the field with a standard sample, whose g-value is known. 
After each spectrum was recorded, the sample was removed from the cavity and 
replaced with a crystal of l,l-diphenyl-2-picrylhydrazyl (DPPH), whose resonance 
at g = 2.0036 ± 0.0001 17 was then superimposed on the spectrum. If changing the 
sample causes a change in the cavity resonant frequency from v to Vsi, then 
= 
h Vst 
/3 Hsi {~ - 1} VsiH 
: g Sl [ ~l { 1 - ~ } - 1 J -3.15 , 
where Af/ is the difference in field between the observed line and that of DPPH. 
Significant errors arise only from gs1 and Af/. 
Modulation 
The detection of microwave spectra is complicated considerably by the 
inability of electronic components to operate at microwave frequencies. A common 
solution to this problem is to employ field modulation, where the static magnetic 
field is supplemented by an alternating field of amplitude Hm and angular frequency 
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Wm . This variation produces a complex modulation of the microwaves, whose 
amplitude corresponds, under cenain circumstances, to the first derivative of the 
absorption line if detected at Wm , and to the second derivative if detected at 2wm . 
Throughout this work the second derivative has proven to be an invaluable 
supplement to the normal first derivative spectrum, the increased resolution 
assisting in the detection of weak or panially resolved hyperfine structure. 
Field modulation produces maximum sensitivity when the modulation 
amplitude is comparable to the resonance linewidth, but Wahlquist 
27 has shown 
that the measured width of a lorentzian line varies with the modulation amplitude. If 
Hm is restricted such that Hml Afipp < 0.3 this modulation broadening is negligible. 
Distonions of the lineshape may also occur if the condition WmT2 << 1 is not met, 
and saturation data may be reliably interpreted only if WmT 1 << 1. 
Power saturation and relaxation times 
A system obeying Bloch's equations should produce a lorentzian absorption 
line, whose first derivative has a peak to peak amplitude y given by 
Y = H1 Yo s 312 -3.16, 
where sis the saturation factor, 
1 
s = - 3.1 7. 
H 1 is the amplitude of the circularly polarized component of the microwave 
magnetic fi eld , and Yo is the amplitude which the signal would have, under unit 
27 
H. Wahlquist , J. Chem. Phys. 35, 1708 (1961 ). 
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microwave field, if no saturation took place (H1 2r2T1T2 << 1).28 A plot of y 
versus H 1, the saturation curve, exhibits a maximum at 
1 
-3.18, 
from which the quantity T1 T2 may be calculated. As T2 can be determined from the 
peak to peak linewidth ( equation 3 .7), the spin-lattice relaxation time T 1 is also 
accessible; the linewidth must be measured at low microwave power, because 
samration broadens the resonance. A more accurate value for T1 T2 may be obtained 
by the evaluation of the ratio y I H 1 Yo at each data point and the subsequent use of 
equations 3.16&3.17. The consistency of the values obtained from different data 
points serves as a useful check that the saturation curve has the correct form. The 
quantity H 1Yo represents the amplitude the signal would have in the absence of 
saturation, and is determined by extrapolation of the initial linear portion of the 
curve. An accurate extrapolation again requires careful low power measurements. 
In practice the peak to peak amplitude is usually plotted against ff, where p 
is the microwave power, which is proportional to the square of H 1. The microwave 
magnetic field must be calibrated by saturation measurements on a standard sample. 
The sample used was a 1 : 1000 mixture of finely ground DPPH crystals in 
potassium chloride.29 Care must be taken that the experimental conditions match as 
closely as possible those employed in subsequent studies, in particular that the 
cavity contains a quartz dewar of the sort used in low temperature measurements; 
28 
C. P. Poole, Electron Spin Resonance (2nd ed.), Wiley, New York (1983). 
29 
R. N. Edmonds, Ph.D. thesis, Cambridge University (1984). 
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such inserts are known to concentrate the microwave field considerably.
3
° From the 
saturation curve it was deduced that 
H1 = (0.061 ± 0.004) ../P -3.19, 
where H1 is in gauss and Pin milliwatts. 
If a line is inhomogeneously broadened its saturation behaviour is 
somewhat different.31 In the limit where 
-3.20 
the line broadening is completely inhomogeneous: the saturation curve approaches 
asymptotically, but does not ever reach, a maximum value, and the linewidth does 
not increase with microwave power. Under these circumstances, neither T1 nor T2 
can be determined with any degree of accuracy, but for the intermediate case, where 
the linewidth contains both homogeneous and inhomogeneous components, 
Castner 31 has devised a graphical method for determining both. 
Low temperature measurements 
The increase in signal intensity and narrowing of lines, which commonly 
accompanies a reduction in temperature, leads to much ESR work being performed 
on cooled samples. Perhaps one of the most surprising aspects of the work reported 
herein is that almost all the ESR spectra reproduced were both readily observable, 
and indeed recorded, at room temperature. On the occasions where lower 
temperatures were required, a home-built apparatus using nitrogen gas as coolant 
30 
S. S. Eaton and G. R. Eaton, Bull. Magn. Reson. 1, 130 (1979). 
3 1 
T. G. Castner, Phys. Rev. 115, 1506 (1959) . 
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achieved temperatures down to 77 Kin the ESR cavity. After passing through a 
coiled metal tube immersed in liquid nitrogen, the gas was carried by a lagged pipe 
to a quartz dewar in the cavity, where the temperature was recorded by a 
thermocouple positioned 1.5 cm below the sample. The intrinsic accuracy of the 
thermocouple was ± 0.1 K, but a much greater systematic error can arise from a 
temperature gradient between thermocouple and sample. This was investigated by 
placing a second thermocouple in a sample tube in the cavity: although the 
temperature of the gas at the thermocouple responded quickly to a change in gas 
flow , the sample in the cavity took several minutes to achieve the new gas 
temperature. A few measurements were performed at -4.2 K with the help of an 
Oxford Instruments ESR-900 continuous flow cryostat. At this temperature special 
care must be taken to avoid microwave heating of the cavity above the thermocouple 
temperature, since the effects of such heating on the resonance line mimic those of 
. 32 power sarurauon. 
32 
W. M. Walsh, Phys. Rev. 142,414 (1966) . 
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[3. 5 Nuclear magnetic resonance 
Any nucleus with an odd number of either protons or neutrons will also 
possess spin angular momentum. For a nucleus in a magnetic field H, the 
Hamiltonian becomes 
-3.21, 
where gN is the nuclear g-factor, /3N the nuclear magneton, and lz the component of 
the nuclear spin in the direction of the magnetic field. For a nucleus of spin/, lz has 
2/ + 1 allowed values, ranging integrally from+/ to-/. Again transitions between 
neighbouring levels may be induced by radiation of appropriate frequency. For a 
nucleus with spin / = ; , the resonance condition is analogous to that of the 
electron, 
- 3.22, 
but when / > ; the situation is complicated by nuclear quadrupole effects . In a 
chemical compound, the actual magnetic field experienced by a nucleus is also 
modified by the electronic environment, and the resonance condition is usually 
written in the form 
-3.23, 
where a is a dimensionless constant, known as the chemical shift. Chemical shifts 
for a given nucleus are expressed in parts per million (ppm) of the resonant 
frequency relative to a chosen standard; in this form· they are independent of the 
applied magnetic field. 
Although it is an unfortunate rule of thumb that NMR and ESR tend to 
complement rather than supplement each other, the case of metals is a fortunate 
PHYSICAL METHODS 41 
exception. The NMR of a metal was first observed by Knight,
33 
who found that the 
signal from copper metal occurred at a frequency much higher than that from 
diamagnetic cuprous chloride. This frequency shift was ten times larger than the 
chemical shifts among different diamagnetic compounds, and funher studies 
revealed that the phenomenon was common to all metals. The Knight shift is almost 
always positive, very nearly independent of temperature, and increases with the 
nuclear charge (Z). Its cause lies in the polarization of the conduction electron spins 
in a magnetic field, which exerts an additional magnetic field on the nuclei of the 
metal. 
Despite the many similarities between ESR and NMR, the two techniques are 
vastly different in practice. The NMR spectra reported in this work were recorded on 
a Bruker MSL-400 spectrometer. The application of NMR to the study of zeolites is 
covered in excellent detail by Engelhardt and Michel.
34 
33 
W. D. Knight, Phys. Rev. 76, 1259 (1949). 
34 
G. Engelhardt, D. Michel, High-Resolution Solid-State NMR of Silicates and Zeolites, Wiley, 
Chichester (1987). 
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[4 .1 Results 
Reponed in this chapter are the results of the first systematic study of 
sodium in zeolites. The bulk of the work is concerned with the products of the 
reaction of sodium vapour with the zeolites Na-X, Na-Y and Na-A, but cenain 
species, Na4 3+ for example, can be prepared in a variety of other ways. These 
preparations, many of them new, are also considered here. 
Na/Na-Y 
Experiments were carried out with two Na-Y zeolites, Na55-Y (r = 2.5) and 
Na64-Y (r = 2.0), of different silicon to aluminium ratio (r); no significant 
differences were observed. The exposure of dehydrated sodium zeolite Y to sodium 
vapour, caused the white solid firstly to blush pink, then bright red, eventually 
darkening through deep blood-red to black. If the amount of sodium vapour 
available for reaction was limited the reaction could be halted at any stage, enabling 
the variously coloured solids to be examined. Examples of the ESR spectra obtained 
from such products are given in Figure 4.1. The pink to bright red solids, obtained 
by the treatment of the zeolite with relatively low concentrations of metal vapour, 
exhibited the characteristic ESR spectrum of Na4 3+, consisting of thineen equally 
spaced lines with total hyperfine splitting A = 395 ± 2.5 G, centred on g = 2.0023 
± 0.0001. At higher metal concentrations a singlet resonance at g = 2.0014 
± 0.0001 was visible, whose relative intensity grew with increasing metal 
concentration, eventually to eclipse the spectrum of thineen lines. The linewidth of 
this signal was dependent on the concentration of metal as shown in Figure 4.2, and 
its lineshape, though symmetric, was generally broader in the wings than a true 
lorentzian line. Although the zeolite would react with concentrations of metal as 
high as 150 atoms per unit cell (p.u .c.), the crystallinity of the zeolite was almost 
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completely destroyed. Some damage to the zeolite framework was found to be 
unavoidable at concentrations above 50 to 60 atoms p.u.c. 
(b) (d) 
100G 
t 
g:2 t g:2 
Figure 4.1 The ESR spectrum of Na-Y containing (a) 3, (b) 8, (c) 13, and (d) 32 
additional sodium atoms per unit cell. 
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Figure 4.2 The linewidth of the singlet component in the ESR spectrum of 
Na! Na-Y, as a function of the sodium metal concentration. 
The optimum temperature for the reaction was in the region of 250 °C. If 
heated at this temperature for prolonged periods (several days), samples of all 
concentrations became browner in colour. The same effect could be achieved in a 
much shorter time by heating at higher temperatures. The effect of severe heating 
was also manifest in the ESR spectrum. The linewidth of the singlet resonance from 
a typical sample, containing an amount of sodium equivalent to 32 atoms p.u.c., is 
shown in Figure 4.3 as a function of reaction time at 300 °C. After about 90 hours, · 
the sample tube started to go brown, a visible sign that sodium metal was beginning 
to react with the quartz.
1 The reaction was continued at 300 °C for 200 hours, then 
the temperature was raised to 400 °C for a further 30 hours, after which the colour 
of the solid had changed from its previous rusty brown to fiery orange. The ESR 
spectrum of the solid after this final heating contained no trace of the singlet 
See J. Lau, P. W. MCMillan, J. Mat. Sci. 17, 2715 (1982) . 
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resonance, but although the crystallinity of the zeolite was found to be seriously 
damaged, the specoum of thirteen lines (A = 405 ± 3 G) was clearly visible (see 
Figure 4.4 ). 
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Figure 4.3 The ESR linewidth for Na32 I Na-Y as a function of the reaction time 
at300 °C. 
Despite the variations in linewidth as function of both concentration and 
reaction time, the g-value of the ESR singlet was found to deviate from g = 2.0014, 
beyond experimental scatter, in only one case: values as low as 1.9997 ± 0.0003 
were recorded in samples that contained more than -100 sodium atoms p.u.c. and 
had been heated at temperatures over 350 °C. The crystallinity of such samples was 
found to be poor. 
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Figure 4.4 The ESR spectrum of Na32/ Na-Y after (a) 16 h, (b) 49 h, and (c) 
111 hat 300 CC, and (d) after a further 33 hat 400 CC. 
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ESR spectra recorded at temperatures below ambient were similar to those 
obtained at room temperature. On cooling from 298 to 77 K, the hyperfine splitting 
of the signal due to Na4 3+ fell, typically from 395 to 385 G, but the apparent 
linewidth remained constant at about 15 G. The linewidth of the singlet resonance 
was reduced in all cases as the temperature fell (Table 4.1). 
Table 4.1 The effect of temperature on the ESR linewidth of the singlet resonance 
inNa !Na-Y. 
Na3/Na-Y Na4s/Na-Y 
J..Hpp at: 298 K 20.5 G 7.8 G 
77 K 19.2 G 6.6G 
Absolute reduction 1.3 G 1.2 G 
Percentage reduction 6.3% 15.4% 
In Figure 4.5, the intensity of the signal due to Na43+ (Figure 4.la) is 
plotted as a function of the microwave power (P) at different temperatures. 
Although the signal could not be saturated at room temperature with the microwave 
power available , it became saturable at lower temperatures. The peaks used to 
measure the intensity of the signal were the fourth from centre; their behaviour is 
compared to that of the central peak in Figure 4.6. The difference is evidence of the 
fact that the central singlet resonance was still present at concentrations of metal as 
low as 3 atoms p.u.c., and since it could barely be saturated even at the lowest 
temperatures with the microwave power available, the effect on. the appearance of 
the spectrum of increasing the microwave power was similar to that of increasing 
the concentration of metal. 
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Figure 4.5 The ESR intensity of Na 4 3+, in the compound Na3 I Na-Y, as a 
function of the microwave power (P) in milliwatts, at three temperatures. 
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Figure 4.6 The ESR intensity at 4 K of the central, and fourth from central, peaks 
in the spectrum of Na3 I Na-Y as a function of the microwave power (P) in 
milliwatts. 
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Table 4.2 Preparations and hyperfine parameters ( A) of the Na4 3+ centre: ( a) 
under vacuum ; ( b) in solution ( § 4 .1 d). 
Zeolite r Treatment Typical A (298K) 
a) Nass-Y 2.5 Sodium vapour at 250 °c. 395 ± 5G 
Potassium vapour at 250 °C. 400 ± 5G 
Rubidium vapour at 200 °c. 390 ± 5G 
10 Mrad y-radiation. 385 ± 10 G 
Sunlight. 385 ± 10 G 
Electrical discharge. 380 ± 10 G 
Nas4-Y 2.0 Sodium vapour at 250 °C. 395 ± 5G 
Potassium vapour at 250 °c. 395 ± 5G 
Rubidium vapour at 200 °c. 380 ± 5G 
Na12-A 1 Sodium vapour at 350 °C. 390a ± 5G 
Li44Na12-Y 2.4 Rubidium vapour at 150 °C. 405a± 10G 
Na19Rb4s-Y 2.0 Rubidium vapour at 200 °c. 420 ± 5G 
b) Nass-Y 2.4 n-Butyllithium in hexane. 410 ± 10 G 
Lithium metal in propylamine. 400 ± 10 G 
NaarX 1.2 n-Butyllithium in hexane. 350 ± 10 G 
Lithium metal in butylamine. 350 ± 10 G 
Li44Na12-Y 2.4 Lithium metal in propylamine. 450 ± 10 G 
a 
Total splitting could only be measured at low temperature (120 K) . 
Although it proved difficult, through the interaction of Na-Y with sodium 
vapour, to create a solid whose ESR exhibited only the spectrum of Na4 3+, the 
spectrum was also observed after a number of other reactions, which are 
summarized in Table 4.2. The spectrum, variation of signal intensity with 
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temperature, and saturation curves of the purest example of N a4 3+ are shown in 
Figure 4.7. 
{a) 
• 
* 
100G 
f 
g:2 
(b) 
• • 
>, 
-Cl) • C: 
Cl) 
• -C: 
• 
• • • • • 
. I I I I I I I I I 
0 10 20 30 40 50 pO 70 80 90 
Temperature I K 
SODIUM 52 
(c) 
• • • • 
• • 
> • 
- • in • • C 
G> •• • 4K 
- • • C • 
• • 
• • • • • 100 K 
• • • 
~ 
I I I I . I I I I I I 
0 1 2 3 4 5 6 7 8 9 10 
.Jp 
Figure 4.7 The ESR spectrum of Rb 1 I Na-Y (a), and its intensity as a function 
of (b) temperature, and (c) the microwave power (P) at two temperatures. The 
asterisks in part ( a) highlight a weak doublet signal. 
In the absence of the singlet signal the symmetry of the specnum of thirteen 
lines is clear, but in samples which contained low concentrations of Na4 3+, there 
were often two other contributions to the ESR spectrum. The first was a sharp 
doublet (marked in Figure 4. 7 a) centred on g = 2.002 ± 0.001, with hyperfine 
splitting A= 132 ± 5 G and linewidth <5 G. Secondly, there was a broad signal 
(- llOG) at g = 1.925 ± 0.005. In contrast to the doublet, which saturated more 
quickly than Na4 3+, the broad signal could not be saturated with the microwave 
power available, and was therefore more prominent at high microwave powers. 
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Na/Na-X 
The exposure of zeolite Nas1-X to sodium vapour under vacuum caused the 
white solid to turn purple and then black, depending on the concentration of metal. 
The optimum reaction temperature was again in the region of 250 °C, and there was 
a tendency for the more concentrated samples to go brown if heated at or above this 
temperature for too long. On cooling from the reaction temperature the samples 
underwent a striking colour change from an intense indigo or blue-black to a more 
reddish purple or purple-black. Na-X appeared to be saturated with metal at 
concentrations in the region of 40 to 50 atoms p.u.c., much less than Na-Y, and 
some damage to the z.eolite framework was found to have occurred at this level. 
In some ways the ESR spectra (Figure 4.8) of this series of compounds 
were very similar to their counterparts in z.eolite Y. At low concentrations of metal 
there was a symmetric hyperfine splitting pattern centred on g = 2.0022 ± 0.0001, 
which was eventually eclipsed at higher metal concentrations by a singlet, also 
symmetric but broader in the wings than a lorentzian line. The singlet occurred 
at g = 2.0012 ± 0.0002, and a reduction of its g-value, this time as low as 1.9982 
± 0.0003, was observed only under the same extreme conditions as in Na/Na-Y; it 
could not be saturated with the microwave power available. For samples containing 
more than 20 metal atoms p.u.c. its linewidth was typically in the region of 4 to 5 G 
at 298 K (Table 4.3), greater, as before, for those most concentrated or, in 
particular, those severely heated. At lesser concentrations, linewidths of up to 80 G 
were recorded; but since the linewidth in such cases decreased rapidly with reaction 
time, and the singlet often disappeared on prolonged annealing before a stable value 
was reached, the relationship is difficult to quantify. The linewidths of spectra 
measured below ambient temperature were, if anything, slightly greater than those 
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measured at room temperature, but a more striking effect was the increase in 
linewidth of samples remeasured after storage for some months. 
Table 4.3 The effect of age and temperature on the ESR linewidth of the singlet 
resonance inNa/Na-X. 
!l.Hpp after reaction: 298 K 
!l.Hpp after storage: 298 K 
77 K 
4.0G 
4.5G 
4.6G 
Na40/Na-X 
4.6G 
5.2 G 
5.4 G 
On close inspection the hyperfine pattern posed some awkward questions. 
Most important of these was how many lines does it actually contain. Neither the 
spectrum in Figure 4.8a, nor its counterparts measured at low temperature or high 
microwave power (Figure 4.9), were instantly decipherable. One observation was 
that, as in the case of Na/Na-Y, the splitting pattern contracted at low temperature. 
For once the spectrum of a sample treated at higher temperatures seemed more clear 
cut: Figure 4.10 shows a spectrum of nineteen lines with A= 442 ± 3 G. The 
apparent simplicity of this spectrum belied the considerable damage sustained by the 
zeolite framework under such conditions. 
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Figure 4.8 The ESR spectrum of Na-X containing (a) 3, (b) 12, and (c) 38 
additional sodium atoms per unit cell. 
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Figure 4.9 The ESR spectrum of Na3 I Na-X at ( a) 4 K, and (b) 100 mW. 
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Figure 4.10 The ESR spectrum of Na2o!Na-X prepared at 350 °C: (a)first 
derivative, and (b) second derivative. 
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As before, a simpler ESR spectrum could also be obtained, without sacrifice 
of the zeolite crystallinity, from samples of Na-X treated with other metals. The 
reaction of dehydrated Na-X with small amounts of potassium or rubidium vapour 
proceeded in a manner identical to that with sodium. The compounds thus formed 
were similar in appearance even to the extent of undergoing the same colour change 
on cooling. Typically, the spectrum of such a sample at low microwave power 
consisted of sixteen lines with hyperfine splitting A = 390 ± 5 G. As the power was 
increased a transformation occurred, until at high power a spectrum of ten lines with 
A= 410 ± 5 G emerged (Figure 4.11). Interestingly, the same spectrum was 
observed at high power from compounds whose low power spectrum, like that in 
Figure 4.10, exhibited nineteen lines. On removal of such samples from the ESR 
cavity, that part of the solid which had been exposed to the microwave radiation at 
the point of maximum intensity often appeared momentarily to be bluer than the 
rest. At 100 °C the spectrum was similar but noisier and, significantly, the high 
power pattern became dominant at levels of microwave power lower than those that 
were required for its observation at room temperature. Identical· results were 
obtained from reactions involving dehydrated Na-X that had previously been 
deuterated. 
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Figure 4.11 The ESR spectrum of Rb3!Na-X at (a) 1 mW, (b) 50mW, and (c) 
150m W. 
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[ c. Na/Na-A 
The reaction of sodium vapour with dehydrated sodium zeolite A (Na 12 -A) 
occurred much less readily than with zeolites X and Y. At 250 °C, the zeolite 
developed pale blue, green, brown and black patches, but a visibly homogeneous 
sample could only be obtained (in reasonable time) at temperatures of 300 °C or 
above. Unfortunately some damage to the crystallinity of the zeolite was observed 
in virtually all cases, usually heralded by the reaction of sodium with the quartz of 
the reaction tube. The final colour of samples ranged from blue-grey at the lowest 
concentrations through black, to greenish brown for those containing most metal. 
The ESR spectra of the products (Figure 4.12) were weaker and less 
consistent than those obtained from samples of sodium in the synthetic faujasites (X 
and Y). Although the lineshapes were complex, at least two main components can 
be distinguished. At low concentrations the spectrum consisted of a resonance at 
g = 2.0014 ± 0.0001 with linewidth between 10 and 18 G, symmetric as before and 
broader in the wings than a lorentzian; at higher concentrations this was joined by a 
narrower signal with 11Hpp === 5 G at g = 2.0005 ± 0.0003. On cooling to 120 K, 
the laner narrowed to - 3 G, but no change in the linewidth of the broader signal 
beyond experimental scatter was observed. Neither signal could be saturated with 
the microwave power available. The spectrum obtained from the less concentrated 
compounds showed signs of hyperfine splining in the wings of the main signal. 
The average splitting was - 32.5 G but at room temperature the pattern was in all 
cases too weak to count the number of lines. At 120 K, ~ith the help of the second 
harmonic signal, it can be seen that the familiar spectrum of Na4 3+ was responsible 
(Figure 4.13). 
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Figure 4.12 The ESR spectrum of Na-A, containing (a ) 1, (b)2, (c) 3, (d) 4, 
and (e) 6 extra acorns p.u.c., and (j) after reduction by a solution of lithium metal in 
butylamine. 
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Figure 4 .13 The ESR spectrum of a sample of Na2 I Na-A illustrating the 
presence of Na 4 3+: (a) first derivative at room temperature, and (b) second 
derivative at 120 K : 
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Figure 4.14 The ESR spectrum of (a) Rb ! Na-A, and (b) Rb ! LiNa-Y. 
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The reaction of Na-A with rubidium vapour produced the compound whose 
spectrum is shown in Figure 4.14. Again a hyperfine pattern was visible but this 
time it clearly consisted of ten lines with an overall splitting A = 330 ± 5 G. Also 
shown is a similar spectrum, obtained from the product of the reaction between 
rubidium and LisNa4-A, but in this case the overall splitting was much larger 
at A = 375 ± 5 G. 
Other preparations 
Examples of the preparation of the Na 43+ centre through the simple 
chemical reduction of dehydrated zeolites were given in Table 4.2 (§4.la). Of 
particular interest is the formation of Na4 3+ in Na-X which produces a different 
centre when treated with alkali metal. The reduction of Li49Na6-Y by a solution of 
lithium metal in propylamine produced a purple-grey solid whose ESR spectrum is 
shown in Figure 4.15a. The spectrum consisted of a hyperfine pattern of ten lines 
centred on g = 2.002 ± 0.001 with overall splitting A= 405 ± lOG, and some 
other contributions near the centre. The deep pink solid obtained from the similar 
reduction of Lis 2Nas-X exhibited a spectrum of ten or eleven lines centred on 
g = 2.0028 ± 0.0005, this time with an overall splitting of A = 425 ± 5 G (Figure 
4.l5b&c). Although this spectrum was symmetric the spacings between its ten lines 
were not constant, indicating that the hyperfine pattern contained more than one 
component. The reaction of Na-A with a solution of lithium metal in butylarnine 
produced a dark grey-green solid whose ESR spectrum was shown in Figure 4.12/. 
The spectrum contained the same broad and narrow lines that occurred in the 
spectrum of Na-A treated with metal, and a hint of weak hyperfine structure in the 
wings. The crystallinity of zeolite A was found to have been impaired by even this 
treatment. 
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Figure 4.15 (a) The ESR spectrum of Li49Na6-Y reduced by a solution of 
lithium metal in propylamine; (b) the first derivative, and ( c) the second derivative 
spectrum of Li82Na5-X after similar treatment. 
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Although the characteristic spectrum of Na4 3+ was observed on exposure of 
dehydrated N a-Y to y-radiation, no such result was obtained after the similar 
treannent of :zeolites Na-X and Li49Na6-Y. 
NMR studies of sodium in zeolites 
The 23Na NMR spectrum, at 106MHz and 298K, of dehydrated Na55 -Y 
before and after exposure to small and large amounts of sodium vapour is shown in 
Figure 4.16. Measurement of the nutation frequency in the rotating frame confirmed 
that only the central ( + ~ ,- ~ ) transition was observed, and the two-dimensional 
quadrupole nutation/ chemical shift experiment provided no evidence that any of the 
peaks were composed of contributions from sodium atoms in more than one site. A 
signal was observed at the position of the sodium Knight shift ( + 1130 ppm) in only 
one case (Figure 4.16d), when the sample was deliberately heated with a blow 
torch to produce a thin mirror of sodium metal on the inside of the sealed quartz 
sample container; no signal was observed between O and+ 1500 ppm on any other 
occasion. To check whether the added sodium might be contributing to the signal at 
-lOppm, the 23 Na NMR spectrum of Na/K-Y was recorded under similar 
conditions : the only signal present was located near O ppm and was so weak it was 
barely visible. 
The spectrum of dehydrated Na-Y consisted of a main peak at -10 ppm 
(with respect to solid sodium chloride), a shoulder at 40ppm and a broader peak at 
-100 ppm. The linewidth of the main peak measured at half maximum height was 
6kHz. The spectrum of Na 3 /Na-Y had the same overall shape as that of 
dehydrated Na-Y, but was broader. The central peak, still at lOppm, had a 
linewidth of 11 kHz, the shoulder occurred at 90 ppm, and the secondary peak at 
-190ppm. The spectrum of Naso/Na-Y had the same overall breadth as that of 
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Na3/Na-Y, but the low field shoulder was no longer distinguishable and the 
secondary peak was now just a foot on the main signal whose breadth was 10 kHz. 
(a) 
(b) 
(d) 
1000 ppm 0 
Figure 4.16 The 23 Na NMR spectrum of (a) dehydrated Na-Y, (b) Na3 I Na-Y, 
(c) Naso ! Na-Y, and (d) Naso! Na-Y with sodium mirror. 
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When the temperature was raised to 100 °C the spectrum of dehydrated 
Na-Y was unchanged, but the width of the main line in the spectrum of Naso/Na-Y 
had decreased to just over 5 kHz. The longitudinal relaxation of both dehydrated 
Na-Y and Naso/Na-Y was studied at room temperature and 100°C by the 
progressive saturation technique. At room temperature the relaxation of neither 
sample followed an exponential curve, nor did that of dehydrated Na-Y at the higher 
temperature, but the recovery curve of the signal from Naso/Na-Y at 100 °C was 
satisfactorily fitted to an exponential function with characteristic relaxation time 
T1 = 1.5 X 10-3 s. 
Perhaps the most important difference between the spectrum of dehydrated 
Na-Y and that of Naso/Na-Y was intensity, the latter being many times weaker, 
despite the fact that extra sodium atoms were present. This observation not only 
suggests that for Naso/Na-Y the signal arose from sodium ions already present in 
the dehydrated zeolite, but also that it arose only from a small proportion of these. 
One possibility would be that the signal in dehydrated Na-Y originated from 
sodium ions in different sites some of which ceased to contribute to the signal as 
they became incorporated into paramagnetic species such as Na4 3+. Unfortunately 
there was no evidence for a signal from more than one site either in this work or in 
that of Hayashi et al.,2 who studied the dehydration of Na-Y through NMR. They, 
measuring the 23 Na NMR at 53 MHz with magic angle spinning (MAS), found that 
dehydrated Na-Y gave a single asymmetric peak at -10 ppm. With this in mind, it 
seems clear that the signal in Naso/Na-Y originated from a mere fraction of sodium 
ions in only one of the many cation sites in dehydrated N a-Y, a proposition which 
accords with its low intensity and the relative constancy of lineshape in the spectra 
recorded. This site, reasonably symmetric and remote from added metal, was 
2 
S. Hayashi, K. Hayamizu , 0 . Yamamoto, Bull. Chem. Soc. Jpn 60, 105 (1987) . 
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probably SI, located at the centre of the hexagonal prism. The complex shapes of 
the 23Na NMR lines observed were most likely due to the second order quadrupole 
interaction, which also accounts for their small negative shift. In spite of this, it is 
doubtful whether the relatively modest amount of additional sodium in Na3 /Na-Y 
was capable of significantly affecting the symmetry or electric field gradient (EFG) 
enough to broaden the resonance-more doubtful still that it could do so and leave 
the overall shape unchanged; but even a modest amount of extra sodium introduces 
substantial paramagnetism into the zeolite, which could account for the line 
broadening. Slight changes in lineshape were only visible in the spectrum of 
samples containing large amounts of additional sodium atoms and may reflect 
modifications to the site symmetry or EFG at those sodium ions still contributing to 
the signal. 
The behaviour of the transverse and longitudinal relaxation processes as the 
temperature was raised above ambient was revealing. For dehydrated Na-Y neither 
was affected greatly. The linewidth remained unchanged, and the longitudinal 
relaxation, though faster, retained its non-exponential form . In contrast to this, the 
rise in temperature had a significant effect on both the linewidth and the rate and 
form of the longitudinal relaxation ofNaso/Na-Y. A number of mechanisms may 
be important in the longitudinal relaxation of these systems: 
(i) electric quadrupole interactions with the EFG modulated by lattice vibrations; 
(ii) electric quadrupole interactions with the EFG modulated by the motion of 
sodium ions or atoms; 
(iii) magnetic dipole interactions with paramagnetic centres. 
Mechanism (iii) is independent of temperature; mechanism (i) should be relatively 
unaffected by the additional sodium atoms and so cannot account for the difference 
I 
II 
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in behaviour between reacted and unreacted zeolite. Lechen 3 suggested that the 
sharp lines observed in his sodium NMR experiments on hydrated zeolite X are due 
to averaging of the EFG by the motion of water molecules. If the motion of sodium 
atoms and ions had a similar effect, then both the narrower line and, through 
mechanism (ii), the modified longitudinal relaxation behaviour could be accounted 
for. Such an explanation implies that the sodium atoms and ions of Naso/Na-Y 
were much more mobile than the sodium ions in dehydrated Na-Y. 
When Grober et al.4 measured the 23Na spectrum of sodium deposited in 
Na-Y by the thermal decomposition of sodium azide (see Chapter 2), they found a 
spectrum consisting of an intense line at O ppm, a medium line at 673 ppm and a 
weak line at 1132 ppm, which were assigned to the framework cations, metal 
particles within the zeolite, and metal panicles on the surface of the zeolite 
respectively. In contrast, the lack of a peak at the metallic Knight shift (- 1130 ppm) 
in the spectra reponed here, under conditions where such a signal could be 
observed from a small amount of sodium metal, suggests that the direct reaction 
between vapour and solid was much more effective in incorporating metal atoms 
into the zeolite pores. The absence, in the spectrum of the more simple metal vapour 
systems, of the peak observed at 673 ppm in the experiments of Grober and 
coworkers is therefore somewhat surprising. For a given concentration of additional 
sodium, the distribution and chemical environment of the incorporated sodium 
atoms may be different in samples prepared by the decomposition of azide; the 
maximum obtainable concentration may itself be different. In a subsequent paper 
3 
4 
H. Lechert, Cata!. Rev. Sci. Eng. 14, 1 (1976). 
P. J. Grobet, G. van Gorp, L. R. M. Martens, P. A. Jacobs, Proc. 23 rd Congress Ampere 
(Rome 1986), 356. 
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from the same group 5 there is talk of' neutral Na clusters glued to the wall of the 
suppon through a chemical interaction between residual N and suppon O '. The 
experimental parameters employed for the measurements reponed in this chapter set 
a maximum detectable linewidth of 100 kHz, but weak lines narrower than this 
might still not be visible above the noise. The peak at 673 ppm in the spectrum of 
samples prepared by the metal vapour route must either be too broad to be observed 
or absent altogether. 
5 
L. R. M. Martens, W. J. M. Vermeiren, P. J. Grobet, P. A. Jacobs, Stud. Surf. Sci. Cata!. 31, 
531 (1987). 
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I a. Electron trap or cluster? 
The pink coloration and ESR spectrum of thirteen lines characteristic of 
Na4 3+ were first observed by Kasai,
6 
on irradiation of dehydrated Na-Y with y- or 
X-rays under vacuum. Both the number of lines (2nl + 1 = 13) and the intensity 
pattern of his spectrum were in excellent agreement with that expected from a 
system of n = 4 equivalent nuclei with/ = ; . In Na-Y this must mean that the 
spectrum was due to an electron trapped between four equivalent sodium cations. 
MCLaughlan and Marshall 7 subsequently produced the same centre by the action of 
ultraviolet or X-rays on a series of sodalites, but the discovery of the reaction 
between dehydrated Na-Y and sodium vapour had shifted attention away from the 
role of the aluminosilicate. The paramagnetic centre was christened N a4 3+, 8 its 
formation was described by the reaction 9 
Na + 3 Na+ ---t Na4 3+ -4.1, 
and eventually it was designated a cluster. 10 Later it was pointed out that on the 
basis of the ESR spectrum alone the alternative Na4 + cluster could not be 
excluded, and that the geometry, previously assumed to be tetrahedral could 
6 
7 
8 
9 
10 
P.H. Kasai, J. Chem. Phys. 43, 3322 (1965). 
S. D. MCLaughlan, D. J. Marshall, Phys. Lett. 32A, 343 (1970). 
J. A. Rabo, C. L. Angell, P.H. Kasai, V. Schomaker, Discuss. Faraday Soc. 41,328 (rn66). 
Y. Ben Taarit, C. Naccache, M. Che, A. J. Tench, Chem. Phys. Lett. 24, 41 (1974) . 
R. M. Barrer, Zeolites and Clay Minerals as Sorbents and Molecular Sieves, Academic Press, 
London & New York (1982). 
11 
equally well be planar. 
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The possibility of the ESR specnum being due to Na4 + is remote. Although 
theoretical calculations predict that Na4 + should be more stable than a neutral Na4 
cluster, it is also predicted to be planar, to have an asymmetric ground state, and to 
be unstable with respect to Na2 and Na2 +.
12 More imponantly, it is most unlikely 
that N a4 + could be the result of irradiation experiments on Na-Y. Calculations on 
Na4 3+ itself predict a shallow minimum with the tetrahedral geometry favoured, and 
the same paper presents evidence from laser rarnan studies that the colour centre in 
Na/Na-Y is indeed tetrahedral. 13 The geometry of the Na4 3+ centre may not be in 
doubt, but does it really warrant the name 'cluster'? On the basis of X-ray 
diffraction results, which gave a low occupancy for cation site SI' and zero 
occupancy for Sn', both in the sodalite cage, Kasai 6 discounted the possibility that 
his centre was located there. Later it was established that the identical centre could 
be formed in zeolite A, 11 and in sodalite which consists only of sodalite cages. 14 
Recent neutron diffraction studies 15 make it clear that the ions participating in the 
Na4 3+ centre are for the most part drawn from outside the sodalite.cage (largely 
from SI in the hexagonal prism) and held there, under the influence of the unpaired 
electron, in the four tetrahedrally arranged SI' sites. The consequent reduction in the 
occupancy of Sr may well help to explain the weakness of the sodium NMR signal 
from Na/Na-Y. 
11 
M. R. Harrison, P. P. Edwards, J. Klinowski, J. M. Thomas, ~- C. Johnson, C. J. Page, J. Solid 
State Chem. 54,330 (1984). 
12 
J. Flad, G. Igel, M. Doig, H. Stoll, H. Preuss, Chem. Phys. 75,331 (1983). 
13 
P. Sen, C. N. R. Rao, J.M. Thomas, J. Mo!. Structure 146, 171 (1986). 
14 
R. M. Barrer, J. F. Cole, J. Phys. Chem. Solids 29, 1755 (1968). 
15 
K. Sett, personal communication (see Appendix). 
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Perhaps the most interesting feature of the neutron diffraction studies is the 
fact that the four ions forming the Na4 3+ centre are located in normal cation sites. 
The fonnation of Na4 3+, both upon treatment ofNa-Y with different metals, and by 
other means (see for example Table 4.2), has shown conclusively that reaction 4 .1 
is a misleading formalism, and that the Na4 3+ centre results from the partial 
reduction of sodium ions already present in the z.eolite. Furthermore, the centre has 
only been observed in z.eolites containing the sodalite cage structural unit, 
16 
so 
clearly its stability owes more to the coordination of the cations to the zeolite 
framework than to the binding power of the single electron. To highlight the role of 
the z.eolite the following comparison is useful: 
-4.2, 
cf. -4.3. 
Thus the zeolite can be regarded, in this case as in many others, as a solid solvent. 
Admittedly a certain rearrangement takes place in the z.eolite as cations are drawn to 
'solvate' the electron but as much can be said of the molecules in liquid ammonia. 
This picture of an electron occupying a cavity lined with a number of cations 
suggests another analogy which will prove useful in our discussions. The 
paramagnetic centres in ionic crystals known as F-centres consist of an electron 
trapped at an anion vacancy, in essence a cavity lined with cations. Like the Na4 3+ 
centre they can be formed either by irradiation or by doping the crystal with extra 
metal atoms. 
16 See L. R. M. Martens, P. J. Grobet, W. J. M. Vermeiren, P. A. Jacobs, Stud. Surf. Sci. Cata/. 
28, 935 (1986); also Harrison et al. (note 11 ). 
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As a probe of zeolite structure 
Although earlier workers favoured a lower value, 8' 11 in this work the 
g-value of Na4 3+ did not deviate (beyond experimental scatter) from that of a free 
spin; the discrepancy is probably the result of the conflation of the signal from 
Na4 3+ with that of the singlet which invariably accompanies it in Na/Na-Y. The 
intensity of the spectrum increased at low temperature as expected from a free 
radical obeying the Curie law (Figure 4. 7 b ), but the plot of its inverse ( oc 1 / x) had 
an intercept of - 25 K on the negative temperature axis (Figure 4.17), which may 
indicate the occurrence of some antiferromagnetic coupling between centres. The 
shape of the saturation curve of N a4 3+ (Figures 4.5 & 4. 7) suggests that the 
hyperfine lines were inhomogeneously broadened. The electron spin echo envelope 
modulation (ESEEM) and pulsed electron nuclear double resonance (ENDOR) 
techniques have shown that, for sodalites at least, this broadening is most likely due 
to interactions with neighbouring sodium ions not involved in the Na4 3+ centre.
17 
Electron spin relaxation times for the centre, estimated from saturation curves by a 
modification of Castner's method,18 are given in Table 4.4 along with estimates for 
the singlet resonance and bulk metal. 
17 
J.B. A. F. Smeulders, M. A. Hefni, A. A. Klaassen, E. de Boer, Zeolites 1, 347 (1987); R. E. H. 
Breuer, E. de Boer, G. Geismar, Zeolites 9,336 (1989). 
18 
P. P. Edwards, Ph.D. thesis, University of Salford (1974); T. G. Castner, Phys. Rev. 115, 
1506 (1959) . 
II 
I I 
-c. 
Cl) 
(.) 
Cl) 
:s 
Cl) 
Cl) 
Cl) 
... 
Cl) 
> 
.E 
0 10 20 30 
SODIUM 
40 50 60 70 80 90 
Temperature I K 
Figure 4.17 The inverse susceptibility of Na 4 3+ as afunction of temperature. 
Table 4.4 Estimated electron spin relaxation times for sodium species. 
76 
Na4 3+ ESR singlet in Na/Na-Ya Sodium metal 19 
T1 4K 2 X 10-5 s - 10-5 s 1 · X 1 o-6 S 
77 K 2 X 10-5 s - 10-5 s 2 X 10-8 S 
T2 4K 5 X 10-7 s - 10-7 s 1 X 1 o- 6 S 
77 K 4 X 10-7 s - 10-7 s 2 X 1 Q-S S 
a 
See §4.4. 
Na4 3+ is uniquely stable. In Na-Y, it was found to remain intact up to and 
beyond 500 °C,20 to exhibit a spectrum which was practically unchanged between 
19 
W. Kolbe, Phys. Rev. B 3, 320 (1971 ). 
20 
P. H. Kasai, R. J. Bishop, J. Phys. Chem. n, 2306 (1973) . 
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room temperature and 4 K, and it was observed in samples long after other 
resonances and crystallographic order had disappeared (Figure 4.4). As a glance at 
Table 4.2 will testify, its presence is all but unavoidable in systems possessed of the 
following three ingredients: the sodalite cage, a certain number of sodium ions, and 
excess electrons. Yet the same ingredients do not always produce identical results: 
the total hyperfine splitting of the centre varies between 300 and 4500. This 
7 problem was first addressed by MCLaughlan and Marshall, who found that the 
hyperfine splitting of Na4 3+ varied linearly with the lattice parameter in a range of 
irradiated halosodalites, containing chloride, bromide or iodide ions, or mixtures of 
any two or all three. Unfortunately the relationship broke down when the centre 
was produced in sodalites containing germanium or gallium, substituting for silicon 
or aluminium respectively (Figure 4.18). 
400 
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Figure 4.18 The hyperfine splitting of Na4 3+ in sodalites as a function of lattice 
parameter (results taken from MCLaughlan and Marshall, note 7). 
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Differences between the lattice parameters of synthetic faujasites are 
relatively much smaller than for socialites but the variations in the hyperfine splitting 
of Na4 3+ were equally striking, so clearly the purely structural explanation is 
inadequate. Monier 21 has pioneered the use of Sanderson's electronegativity 
model 22 to enable various physical and chemical propenies of zeolites to be 
correlated with chemical composition. The electronegativity (X) is defined as 'the 
power of an atom in a molecule to attract electrons to itself'. Sanderson has 
proposed that when two or more atoms with different electronegativities combine 
chemically, they become adjusted to the same electronegativity within the 
compound, the so-called principle of electronegativity equalization. For a compound 
PpQqRr, this intermediate electronegativity is given by the geometric mean 
X . _ [X p X q X r] 1 I (p+q+r) int - P Q R -4.4 . 
In Figure 4.19 the total hyperfine splitting of Na4 3+ is plotted as a function of the 
intermediate electronegativity for a range of parent structures. The electronegativity 
of the zeolites is in general greater than that of the socialites and this seemed to result 
in a larger hyperfine splitting. Likewise, the greater electronegativity of zeolite Y 
produced a much larger hyperfine splitting than in zeolite X. Deviations from a 
linear relationship may, in the case of the sodalites, conveniently be ascribed to 
variations in the lattice parameter. For the zeolites, it must be remembered that the 
results used . are taken from samples prepared in a variety .of ways , and that the 
precise chemical composition of some of the products lies within the realms of 
speculation. 
21 
W. J. Mortier, J. Cata!. 55, 138 (1978) . 
22 
R. T. Sanderson, Chemical Bonds and Bond Energy (2nd ed.), Academic Press, New York 
(1976). 
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Figure 4.19 The hyperfine splitting of Na4 3 + as a function of the 
electronegativity of the parent aluminosilicate. 
The hyperfine splitting of Na4 3+ is large and isotropic, and depends 
primarily on the extent to which the unpaired spin resides in the sodium 3s-orbitals 
(see Chapter 3). For F-centres in a range of alkali metal salts, Claxton ~t al.23 have 
successfully correlated the total spin density in the cation outer s-orbitals with the 
ratio of the volume of the cations to the total volume. A similar relationship appears 
to apply to the sodalites, where those with larger cages play host to centres with 
smaller hyperfine splittings. The slight reduction in hyperfine splitting at low 
temperature observed for Na4 3+ in all hosts is an apparent exception to this rule, the 
zeolite, if anything, being expected to contract slightly as the temperature is 
reduced. The likely explanation, that the reduction in , vibrational energy at low 
temperature keeps the cations on average closer to the framework and further from 
23 T. A. Claxton, D. J . Greenslade, K. D. J . Root, M. C. A. Symons, Trans. Faraday Soc. 62, 2050 
(1966). 
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the centre of the sodalite cage, emphasizes that it is the position of the cations, not 
the framework structure, which defines the effective cavity size. Recently, Grobet et 
a/.24 have found that the hyperfine splitting of Na4 3+ in fact, varies linearly with 
temperature in the range 100 to 800 K. 
All things considered, there seems also to be some correlation between the 
electronegativity of the aluminosilicate host and the hyperfine splitting of Na4 3+. 
The equalization of electronegativity within a compound necessarily involves the 
redistribution of charge amongst the constituent atoms, and Sanderson has adjusted 
his electronegativity scale such that the consequent partial charge (8) on each 
atom Q in the compound is given by 
8 = Xint -XQ 
2.08{XQ -4.5, 
so the partial charge on the sodium atoms in Na4 3+ varies linearly with the 
intermediate electronegativity of the aluminosilicate host. A net positive charge can 
be expected to cause a contraction in the orbitals relative to the neutral atom and an 
increase in the Fermi contact interaction itself. The extent of both effects will 
obviously depend on the exact charge on the sodium atoms and therefore ultimately 
on the electronegativity of the host. Thus in principle the value of the hyperfine 
splitting of Na4 3+ can provide both structural and electronic information about the 
many aluminosilicates in which it occurs. 
24 
P. J. Grobet, L. R. M. Martens, W. J. M. Verrneiren, D. R. C. Huybrechts, P. A. Jacobs, Z. 
Phys. D 12, 37 (1989). 
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14. 3 Electron traps in sodium zeolites 
I a . A family of centres 
The hyperfine splitting pattern in the ESR spectrum of Na/Na-X has long 
been something of a mystery. With Kasai 25 himself later reponing a spectrum 
containing between sixteen and nineteen lines, its original diagnosis as an Na6 5+ 
centre (2nl + 1 = 19), though widely accepted, was never entirely satisfactory. The 
first and second derivative spectra expected for N a6 5+ have been simulated and are 
shown in Figure 4.20, but although consisting of nineteen lines, they bear little 
resemblance to real spectra such as those in Figure 4.10; for, whereas the lines of 
the simulated spectrum grow in intensity towards the middle of the spectrum those 
of the real spectrum increase at first and then decrease to near zero at the centre. 
Attempts to simulate a spectrum of sixteen lines on the basis of an Nas 4+ centre 
(2nl + 1 = 16) failed in a similar manner. Another possibility, suggested by the 
second derivative in particular, was that the spectrum consisted of two identical sets 
of lines separated by a large doublet splitting. Perhaps the high power spectrum of 
ten lines offered a further clue. Figure 4.21 shows the simulated spectrum expected 
of an electron shared between three equivalent sodium atoms (2nl + 1 = 10) and 
one other atom with / = ~ ; the addition of a broad underlying singlet signal 
(always a possibility) produced a passable imitation of the real spectrum. The 29 Si 
nucleus with / = ~ is present in all zeolites, but since it is only five per cent 
abundant, any centre involving silicon would necessarily contain mainly 28 Si which 
has no nuclear spin. The only other plausible candidate~ the 1 H nucleus, present in 
large quantities in hydrated zeolites, but considerably rarer in dehydrated Na-X. 
25 See P. H. Kasai, R. J. Bishop, in Zeolite Chemistry and Catalysis (ed. J. A. Rabo), ACS 
Monograph NO 171, p. 350 (1976) . 
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This possibility was tested by petforming the reaction with a sample of Na-X which 
had been deuterated before dehydration and reaction, and subsequently discounted. 
(b) 
19 lines 
Figure 4.20 Simulated ESR spectrum for Na6 5+: (a) first derivative, and (b) 
second derivative . 
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(c) 
Figure 4.21 Simulated first derivative ESR spectrum for HNa3 3+ ( a). Also 
shown are the first (b) and the second (c) derivative spectra, simulated for HNa3 3+ 
plus an additional underlying singlet. 
I 
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(a) 
(b) 
19 lines 
(c) 
16 lines 
Figure 4.22 Simulated ESR spectrum for an equal mixture of Na 54+ and Na 65+ 
centres : (a)first, and (b) second derivative. Also shown (c) is the simulated first 
derivative spectrum with a ratio of Na5 4+ to Na 6 5+ of 1.25. 
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The most important pointer to the real origin of the hyperfine splitting 
pattern of M/Na-X (M = Na, K, Rb), was the comparative constancy of the 
spectrum regardless of how many lines it was deemed to comprise. Figure 4.22 
shows simulations of the first and second derivative spectrum expected from a 
sample containing an equal number ofNa54+ and Na6 5+ centres. Not only was the 
simulated spectrum similar to that in Figure 4.10, but a slight adjustment in the 
relative proportion of the two centres enabled a spectrum of sixteen lines, like that in 
Figure 4.11, to be obtained. With the occasional addition of an underlying singlet 
virtually all the spectra observed from M/Na-X could be simulated. The obvious 
conclusion is that these compounds contain both Nas 4+ and Na6 5+ centres. 
Although Rabo et al.8 again report a lower value, in this work the g-value of the 
spectrum, like that of N a4 3+, did not deviate significantly from that of a free spin, 
and the hyperfine splitting, again like that of Na4 3+, was reduced at low 
temperature. Better simulations were obtained if gaussian rather than lorentzian lines 
were used, suggesting that the spectrum may also be inhomogeneously broadened. 
From comparisons of real and simulated spectra it is clear that the ratio of Na 5 4+ to 
Na6 5+ did not vary much, ranging approximately between 1.0 and 1.25. 
In view of the fact that Na-X has fifty per cent more cations than Na-Y, the 
the formation of N a5 4+ and N a6 5+ centres, instead of N a4 3+, comes as no 
surprise; yet the reduction of the same zeolite in solution produces a solid whose 
spectrum of thtneen lines is undoubtedly that of Na4 3+. Admittedly the reaction 
with sodium vapour does introduce even more sodium atoms into Na-X but the use 
of small quantities of potassium or rubidium still resuhed in the higher centres. 
Attempted simulations of the spectrum involving N a4 3+ as well as the two higher 
centres produced adequate, but not improved, results if a small proportion of Na6 5+ 
was replaced with Na4 3+. This lack of evidence for the otherwise ubiquitous Na4 3+ 
suggests that the new centres are also located in the sodalite cage; it seems that in 
I. I 
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Na/Na-X the ion crowding was such, that with the extra electron to help alleviate 
mutual repulsion, five or more cations were required there. Suppon for this 
interpretation comes from the fact that reaction with larger amounts of sodium 
increased the proponion of Na6 5+. The introduction of solvent molecules into the 
zeolite, which occurs during the reaction in solution, may well provide alternative 
coordination to the cations in the supercages and help to reduce repulsion between 
them, with the result that the more usual Na4 3+ is preferred. Another possibility is 
that the entry of the fifth and sixth cations into such a small space is an activated 
process, which cannot occur during the reductions in solution carried out at room 
temperature. 
This proposed location of the Na5 4+ and Na6 5+ centres is not without its 
problems, for as in Na4 3+ all the cations in the two higher clusters were ESR 
equivalent. The four cations of Na4 3+ have been conveniently assigned to the four 
well established and tetrahedrally arranged SI' sites opposite 6-rings (§ 4.2), but 
although the sodalite cage also has octahedral symmetry this would condemn the 
ions to much less favourable sites opposite 4-rings. Six cations could also occupy 
three of each of the Sr and Sn' 6-ring sites in an arrangement akin to the 'chair' 
conformation of cyclohexane but much closer to full octahedral symmetry. The only 
way to arrange five cations to be equivalent is in a plane at the corners of a regular 
pentagon. Such an arrangement in the socialite cage would not only fail to minimize 
cation repulsion, but could not be achieved without complete disregard for the 
framework, which does not possess 5-fold symmetry. In view of the results of the 
previous section, which established the controlling influence of the framework in 
the formation of Na4 3+, this would seem to be unlikely. 
In fact, throughout all the structural studies of Na-X and Na-Y, on no 
occasion have any sodium cations been found inside the sodalite cage other than in 
I I 
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the sites SI', of which there are only four.26 Nevertheless, at the reaction 
temperature, a sodium ion in zeolite X cannot be regarded as fixed, and it is 
possible therefore that the arrival of a fifth cation into the zeolite cage might 
precipitate a competition for what are evidently the most stable sites. As the ions 
jockeyed for position the ESR spectrum would be averaged at a rate related to the 
cation mobility, and if this were the case the spectrum might be expected to change 
with falling temperature. Apart from a slight reduction in the hyperfine splitting, 
little difference was actually observed: the shape of a low temperature spectrum of 
Na/Na-X such as that in Figure 4.9 can be simulated through an increase in the 
linewidth to - 30 G from the room temperature value of - 20 G. This effect, which 
certainly did not occur in the spectrum of Na4 3+, could be due to the slowing down 
of a fluxional process, but it is unlikely that any substantial inequivalence would 
remain unresolved right down to the lowest temperatures. 
In some ways the ESR spectrum of ten lines observed at high microwave 
power was the most clear-cut of all. Both the number of lines and their relative 
intensities are in accord with the proposition that the spectrum originated from an 
electron shared between three equivalent sodium ions (2n/ + 1 = 10); yet the 
suggestion of an Na3 2+ centre in the crowded Na-X flies in the face of all that has 
gone before. The first question to be answered is whether the spectrum was part of 
the general complex at low power and only became dominant at high power through 
26 See W. J. Mortier, Compilation of Extra Framework Sites in Zeolites, Butterworth Scientific Ltd, 
Guildford (1982). 
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vinue of its slower saturation. While the relative narrowness of the ten lines, and 
the well known resistance of inhomogeneously broadened spectra such as that of 
N a4 3+ to saturation do not directly contradict this possibility, the fact that the low 
power spectrum could not adequately be simulated with Na3 2+ as a component, 
suggests that the spectrum of ten lines made at most a very minor contribution. One 
of the most interesting features of the compounds produced by the reaction of alkali 
metal vapour with Na-X was the colour change on cooling from the reaction 
temperatures of greater than 150 °C. The Es R spectrum was measured at 
temperatures up to 100 °C, and although this was not sufficient to effect completely 
the required colour change, the spectrum of ten lines did become dominant at levels 
of microwave power lower than those that were required for its observation at room 
temperature. The occasional observation, on removal of the solid from the ESR 
cavity, of a bluer colour in those parts that had been exposed to the microwave 
radiation at the point of maximum intensity, hints at the possibility that the high 
temperature colour change and high power spectrum may be different aspects of the 
same phenomenon. 
Observable in Na-X only with the application of high levels of microwave 
· power, the spectrum attributed to Na3 2+ could not be examined in any detail. It was 
therefore important to see if such a centre could be produced in more favourable 
circumstances. The strategy employed involved lowering the concentration of 
sodium ions th_rough partial exchange with lithium, the metal cation shown to be the 
most inert with respect to reduction in zeolites (Chapters 6 & 7). Unfortunately the 
reaction of Li44N a 12-Y, which contains on average or_ily one and a half sodium 
atoms per sodalite cage, with rubidium vapour at 150 °C produced Na4 3+ . In an 
attempt to restrict cation mobility, the same zeolite was reduced at ambient 
temperature with a solution of lithium metal in propylamine, but with the same 
result. Success was finally achieved by the similar reduction of Li49Na5-Y and 
1 I I 
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Li82Na5-X, to give coloured solids whose ESR spectra formed Figure 4.15. 
Although the more abundant isotope of lithium (7 Li) also has nuclear spin 
I = ; , the unambiguous assignment of the hyperfine pattern of reduced 
Ll44Na12-Y to Na4 3+ means that the pattern of ten lines observed from Li49Na6-Y 
may confidently be ascribed to Na3 2+. Once again in zeolite X the situation was 
more complex. Figure 4.23 shows simulations of the first and second derivative 
spectrum expected from a sample containing an equal number of Na4 3+ and Na3 2+ 
centres. The central region apart, these matched many features of the experimental 
spectrum. As in Na-X the simulation studies showed that the ratio of the two 
centres must be close to one, and again they did not rule out the presence of a lower 
cluster (this time Na2 +). Since there was no sign of its spectrum in reduced 
Ll49Na6-Y, the existence of Na2 + must nonetheless be regarded as unlikely. The 
characteristic hyperfine pattern of ten lines was also visible in the spectrum of 
Rb/Li 8Na4-A, and more surprisingly in that of Rb/Na-A with a much lower 
overall splitting. The smaller splitting in the absence of lithium was not entirely 
unexpected-anomalously high values for the hyperfine constant of Na4 3+ were 
also found in zeolites containing lithium (Table 4.2)-and reflects, at least in part, 
the fact that in the dehydrated fonn lithium z.eolites have amongst the smallest lattice 
. f . 26 27 parameters or a g1ven structure type. · 
27 C. Forano, R. C. T. Slade, E. Krogh Andersen, I. G. Krogh Andersen, E. Prince, J. Solid State 
Chem. 82, 95 (1989) . 
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(a) 
(b) 
Figure 4.23 Simulated ESR spectrum for an equal mixture of Nai+ and Na4 3+ 
centres: ( a) first, and (b) second derivative . 
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The role of the zeolite 
The results of the previous subsection complete a series of Nan (n-I)+ traps · 
in sodium zeolites, where n = 3, 4, 5, 6. Of these only Na4 3+ was observed after 
y-irradiation of the host zeolite and, although both Na4 3+ and N a3 2+ could be 
prepared by reduction in solution, the formation of the latter required a much 
stronger reductant; clearly therefore Na4 3+ is thermodynamically more stable than 
the others. The overall hyperfine splitting of the different centres in Na-X and Na-A 
is plotted as a function of the number of participating sodium atoms in Figure 4.24. 
Also shown are data for neutral sodium clusters in solid argon,28 and ionic silver 
clusters, in zeolite A 29 and in frozen alcohols.30 To facilitate this comparison the 
values are expressed as a percentage of the splitting . of the appropriate free atom: 31 
the apparent spin density. For the neutral sodium clusters the values are high, but 
slightly lower than the free atom value owing to hybridization. Similar values obtain 
for a range of singly charged silver clusters in zeolite A, and even for several ionic 
silver clusters in frozen alcohol solutions, which like the centres in sodium zeolites 
have only one valence electron. In the case of silver the relatively large hyperfine 
splittings are an indication that the valence electrons remain closely associated with 
the cations and justify the use of the term 'cluster'. In contrast, the much lower 
values for the electron traps in Na-X are in the middle of the range of values 
measured for sodium F-centres,23 and reflect the tendency of the unpaired electron 
28 
29 
30 
31 
Results taken from D. M. Lindsay, D. R. Herschbach, A. L. Kwiram, Mo/. Phys. 32, 1199 
(1976); G. A. Thompson, F. Tischler, D. M. Lindsay, J. Chem. Phys. 78, 5946 (1983). 
Results taken from P. J. Grobet, R. A. Schoonheydt, Surf. Sci. 156, 893 (1985) ; J. R. Morton, 
K. F. Preston, J. Mag. Res. 68, 121 (1986); N. Narayana, L. Kevan, J. Phys. Chem. 76, 3999 
(1982). 
Results taken from R. Janes, A. D. Stevens, M. C. R. Symons, JCS Faraday Trans. 1 85, 3973 
(1989) . 
Values taken from J. R. Morton, K. F. Preston, J. Mag. Res. 30, 577 (1978) . 
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to remain in the centre of the sodalite cage, away from the cations. In the absence of 
differences in electronegativity (Na-X and Na-A share the same value), the 
hyperfine splitting increases monotonically with the number of cations. As with F-
centres and N a4 3+ centres, it seems that as a first approximation the overall splitting 
depends on the proponion of the cavity volume occupied by the cations. This 
suggests that the electron experiences a relatively uniform potential throughout the 
cavity, and is not panicularly drawn to the cations. Such a model is in accordance 
with elementary electrostatics which advises that the potential inside a hollow 
spherical charge distribution is constant. That such a situation is not stable for silver 
can be ascribed to the greater reluctance of that element to form genuine ions 
carrying a sizable positive charge. 
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Figure 4.24 The apparent spin density as a/unction of the number of atoms for: 
single electron traps in Na-X and Na-A; neutral sodium clusters in solid argon (note 
28); singly charged silver clusters in Ag-A (note 29); and single electron silver 
clusters in frozen alcohols (note 30) . 
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In the absence of any appreciable bonding, provided that the cations are 
distributed reasonably evenly around the inner surface of the cage, the exact 
positions should have little effect on the.ir interaction with the electron and we are 
largely absolved from seeking the elusive geometrical equivalence in centres of five 
or more. Any differences in hyperfine splitting that do occur between the cations 
should be small and will easily be averaged by thermal motion at normal 
temperatures, but their existence might well be responsible for the broadening effect 
apparently observed in the spectrum of Na-X at low temperatures. 
Zeolites X and A have much more in common than the same 
electronegativity. Both frameworks are based on the sodalite cage structural unit, 
and both have a silicon to aluminium ratio of close to one and therefore a similar 
number of cations per cavity; but whereas Na-X squeezes up to six cations in the 
sodalite cage, Na-A is content with only three or four. The explanation can be found 
in a more detailed consideration of the structures (Chapter 1) of the two zeolites. 
Although the large 12-rings between the supercages of zeolite X produce an 
extremely open structure they provide no suitable coordination sites for sodium 
ions, so the cations in dehydrated Na-X are forced to gather round the 4- and 6-
rings outside or inside the hexagonal prisms and sodalite cages. The 8-rings of 
zeolite A do provide coordination sites for sodium cations and so the areas round 
the sodalite cages, though still providing the more favourable 6-ring sites, are 
actually less crowded. It is also noticeable that the reduction of either Na-X or Na-A 
with potassium or rubidium produced a centre containing fewer atoms than 
reduction with sodium. This may be due at least in part to the fact that the larger 
ions can happily occupy sites unattractive to sodium and therefore do not exacerbate 
the overcrowding round the sodalite units. 
II 
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The remarks of the preceding paragraph give some indication of the subtlety 
of zeolite chemistry, where paradoxically the sodalite cage of Na-X can be more 
crowded than that of the denser Na-A, which has more cations per unit volume. In 
fact while Na-A can be reduced to yield Na3 2+, the reduction of Na-Y, which has 
the same structure as Na-X but less than two thirds of the cations, invariably 
produces Na4 3+. Another difference between the sodium centres in zeolites X and 
Y, and those in zeolite A was that the latter were relatively less abundant: hyperfine 
splitting patterns in the ESR spectrum of reduced Na-A were only weakly visible if 
at all. In part this may be due to the fact that the framework of reduced Na-A was 
invariably damaged, but structural factors may also be imponant. Even at room 
temperature the sodium ions are able to move back and fonh through the 6-rings 
fairly easily- it is via these that the ions are required to enter the sodalite cage to 
form the centre in the first place. In z.eolite A all eight 6-rings of the sodalite cage are 
equivalent and face directly into the supercages, but in Na-Y it has been shown that 
the Na4 3+ centre consists of four sodium cations in the four tetrahedrally arranged 
Sr sites opposite 6-rings, each of which leads into an empty hexagonal prism 
(§ 4.2 ). If a sodium ion were to slip through one of these, it would find itself 
sandwiched between the ring through which it came and an identical one, opposite 
which will reside another sodium cation. As such a situation would be unstable, this 
is unlikely to occur, and so the faujasite structure confers considerable kinetic 
stability upon the Na4 3+ centre. 
The appearance at high power of the spectrum often lines in reduced Na-X 
remains something of a mystery. All that can be said with any confidence is that it 
must originate from something quite different from the Na3 2+ centres observed in 
other zeolites, whose linewidths, hyperfine splittings and saturation behaviour were 
in line with those of the other centres. The possibility that the high power spectrum 
of reduced Na-X is associated with the change in colour that occurred on heating is 
,'! 1. I 
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wonhy of brief consideration. Perhaps the most interesting feature of that specoum 
was the relative narrowness of its lines, which suggests that the usual 
inhomogeneous broadening, attributed to. sodium ions in the supercages (§4.2), 
was absent. This might well occur if those cations became sufficiently mobile, that 
the broadening interactions were averaged out. We have already seen how in the 
Nas4+ and Na65+ centres three sodium cations are likely to be in the favoured SI' 
sites with the remainder in the Sn', which lead directly into the supercage; we have 
also seen how cations in the former sites are somewhat remote the rest of the 
crystal. Since the ions in the Sn' sites can obviously interact with with those in the 
supercage-or indeed escape there-much more easily than those in SI', it is 
possible that under cenain circumstances the hyperfine interaction of sodium cations 
in the Srr sites might be averaged, while that of ions in the sr sites remained exact, 
thus explaining the collapse of the spectra of Na s 4+ and N a6 5+ to one of ten lines. 
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4. 4 Metallic behaviour in sodium zeoJites 
A critique of the metal panicles model 
Although the ESR signal from bulk metallic samples is expected to be 
asymmetric, both the observation and explanation of symmetric lines from small 
metallic panicles are well established (Chapter 3). It is no doubt with this in mind 
that the singlet resonance of Na/Na-Y was assigned to such particles within the 
zeolite pores. 11' 32 The published g-values for bulk sodium all lie within the range 
2.0013 to 2.0017,33 greater accuracy being hindered both by the difficulty of 
sample preparation and by the fact that the value must be extracted from the highly 
asymmetric lines through Dyson 's theory. Values for small particles of sodium in a 
variety of media also lie within this range, the more accurate measurements tending 
towards the lower limit,34 ' 35 and this characteristic g-value constitutes the principal 
evidence that the symmetric singlet lines in sodium zeolites X, Y and A might be 
due to sodium metal . Once again earlier workers report a somewhat lower g-value 
for the singlet in Na/Na-Y; 11 ' 32 such values, which also occurred in Na/Na-X 
and Na/Na-A are strongly associated with damage to the aluminosilicate framework 
(Chapter 8). 
32 
33 
34 
35 
P. P. Edwards, M. R. Harrison, J. Klinowski, S. Ramdas, J. M. Thomas, D. C. Johnson, C. J. 
Page, JCS Chem. Commun. 1984, 982. 
I. H. Solt, M. W. P. Strandberg, Phys. Rev. 95, 607 (1954); G. Feher, A. F. Kip, Phys. Rev. 
98, 337 (1955); G. J. King, B. S. Millar, F. F. Carlson, R. C. MCMillan, J. Chem. Phys. 32, 940 
(1960); C. Ryter, Phys. Lett. 4, 69 (1963). 
A. Ya. Vital, E. G. Kharakhashyan, F. G. Cherkasov, K. K. Shvarts, Fiz. Tverd. Tela 13, 2133 
(1971 ), trans. Soviet Phys. Solid State 13, 1787 (1972) . 
R. N. Edmonds, P. P. Edwards, Proc. R. Soc. Lond. A 395,341 (1984) . 
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The assumption of intracrystalline metallic particles enables the 
rationalization of a number of experimental observations relating to the ESR 
specnum of sodium in zeolites to be attempted. In Na/Na-Y the measured width of 
the singlet resonance was strongly dependent on the amount of additional metal. 
From a value of over 25 G at the lowest concentrations, the room temperature 
linewidth dropped to a minimum of less than 7 G at around 20 extra sodium atoms 
p.u.c. In the range 20 to 80 atoms p.u.c. the width remained below 10 G, but at 
concentrations above this the rapid collapse of the zeolite snucture was accompanied 
by greater linewidths. These large variations in linewidth with concentration were 
mirrored in the smaller changes which took place during the annealing of a given 
sample. In general smaller particles are expected to give broader lines due to an 
increased contribution from surface relaxation (Chapter 3), and this relation was 
verified for particles of sodium as small as 10 A. 36• 37 The behaviour described 
above might be accounted for by the suggestion that the size of the particles in the 
zeolite depends on the concentration of sodium, and the eventual increase in 
linewidth, under conditions where the crystallinity of the framework was 
deteriorating, attributed to a reduction in particle size as sodium atoms were 
incorporated into decomposition products. 
Although symmetric, in al1 three zeolites the main singlet resonance was 
broader in the wings than a nue lorentzian line. Such a lineshape has been observed 
previously frorri .sodium colloids in irradiated sodium azide and was explained as a 
composite line comprising contributions from particles of various sizes, whose 
lorentzian lines had different widths but the same g-value.37 It is therefore possible 
that the slight changes which occur with time in specific samples reflect a change in 
36 M.A. Smithard, Solid State Commun. 14,411 (1974) . 
37 D. A. Gordon, Phys. Rev. B 13, 3738 (1976). 
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the distribution of panicle sizes rather than in the average size itself. For both bulk 
metals 19 •38 and small particles 36 ' 37 ' 39 the resonance linewidth has been found to 
be proportional to temperature, but the same cannot be said for the signals in 
zeolites. In Na/Na-Y the reduction in linewidth of -1 G on cooling from room 
temperature to 77 K corresponds to about fifteen per cent for the samples containing 
the most additional metal, and much less than that for the rest. Interestingly, the 
absolute reduction was the same in all cases suggesting that the line may be 
inhomogeneously broadened. In Na/Na-A the linewidth was unchanged on 
cooling, and in Na/Na-X was, if anything, slightly greater, raising the possibility 
that motional narrowing occurs. Under these circumstances it is difficult to obtain a 
meaningful estimate of the transverse relaxation time T2. The estimate given in 
Table 4.4 is based on the assumption that the consistent reduction in the linewidth in 
Na/Na-Y represents that of a single homogeneous contribution to the line, and is 
ten times greater than the value suggested by the overall linewidth. Even so, it is 
still significantly less than the value for T1 estimated from saturation curves such as 
that in Figure 4.6, and so the usual relationship for metals, of T1 == T2 , appears not 
to hold in this case . 
. An alternative explanation for the relative constancy of the linewidths is that 
the particles may be so small that the surface relaxation term, to a first 
approximation independent of temperature, is dominant. Indeed, previous workers 
anticipated that the incorporation of metal atoms into the regular system of well-
defined intracrystalline voids would produce a collection of discrete, uniform 
particles of not greater than the cavity size, which would provide a unique 
opportunity to study the quantum size effects (QSE) predicted of the smallest 
38 G. Feher, A. F. Kip, Phys. Rev. 98, 337 (1955) . 
39 R. A. Levy, Phys. Rev. 102, 31 (1956). 
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metallic particles. They were rewarded with the discovery that, in Curie fashion, the 
intensity of the singlet in Na/Na-Y increased as the temperature was lowered. 11' 24 
Indeed, widths as low as 4 G recorded in zeolites, compared with the bulk sodium 
linewidth at room temperature of -9 G, suggest that quantum size narrowing of the 
line might be taking place. Particles with the dimensions of typical zeolite cavities 
are cenainly small enough to exhibit QSE; but although the observation of a 
symmetric CESR line down to 4 K precludes the presence of much larger particles, 
such as those which have been prepared for transition metals in zeolites, the attempt 
to explain these observations as QSE is ultimately self-defeating. The explanation 
given for the variation of the linewidth in Na/Na-Yin terms of variously sized 
metallic particles is valid only if QSE are not in operation. 
In this chapter it has been shown that the reaction of dehydrated Na-Y with 
sodium vapour results in the incorporation of sodium into the zeolite on a large 
scale; in particular, the NMR results show that the direct reaction between vapour 
and solid achieves this more selectively than the rival method involving the 
decomposition of sodium azide. Nevenheless it is clear that the ESR spectra of 
sodium in zeolites are not adequately explained by a simple metal particles model, 
and that all talk of QSE in such systems is premature. 
If not metal, then what? 
At high-concentrations of added sodium, the notion of metal particles in 
zeolites such as X and Y is cenainly an unrealistic one: the faujasite structure is so 
open that rigid metal particles in neighbouring supercages would necessarily be in 
contact with each other. It is possible therefore to imagine the channels and cavities 
of the zeolite filled up with metal atoms close enough to form a continuous metallic 
state. Although such a picture might plausibly represent the situation in zeolites 
I' 
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saturated with extra metal atoms, as a general model it too is completely inadequate: 
the singlet signal in Na/Na-Y, for example, first appeared at concentrations so low 
that, even if all the additional atoms remained as such, they would on average be 
many interatomic distances apart. The time has come to consider possible alternative 
sources of the ESR singlets in sodium zeolites. 
In §4.2 it was established that, when an atom of sodium (or another alkali 
metal) enters Na-Y, it loses its valence electron to the stable electron trap Na4 3+. It 
is not unreasonable to suggest that, when the zeolite is saturated with Na4 3+ 
centres, funher electrons might end up in alternative traps. In addition to that of 
Na4 3+, various ESR signals have been observed in dehydrated Y zeolites irradiated 
under vacuum, but hyperfine coupling to the 27 Al nucleus is usually observed.25 
One exception is that of the so-called V 2-centre thought to consist of an electron 
hole localized in a p-orbital of an oxygen atom bonded to two silicon atoms,40 but 
although zeolites are largely composed of 28 Si and 160 atoms, neither of which 
possess nuclear spin, the absence of any existing electron trap on silicon or oxygen, 
and the damage to the zeolite framework that such a trap would entail, forestall any 
attempt to explain the singlet resonances on this basis. 
Alternatively, in the absence of a suitable trap , the excess sodium atoms 
might retain their valence electrons. That on no occasion, in this or previous work, 
was an ESR spectrum attributable to sodium atoms observed from a zeolite, might 
be regarded as a serious flaw in this model. Such a view overlooks the fact that, in 
the course of its random motion within the zeolite, an atom must collide many times 
with the walls of the cavities, which are, after all, only ·of molecular dimensions 
and, in the case of Na-X, Na-Y and Na-A, lined with sodium ions. Thus our 
40 · J. C. Vedrine, C. Naccache, J. Phys. Chem. 77, 1606 (1973). 
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sodium atom is in almost constant collision with sodium ions and, if even a small 
proportion of these encounters resulted in electron transfer from atom to ion, the 
hyperfine splitting would be averaged out on what is the relatively slow ESR 
timescale. The g-value of such an averaged signal would still reflect that of the 
sodium atom, which barely deviates from the value of a free spin, and here, 
unfortunately, this mobile atom model is found to fit the experimental results no 
better than the others: the measured g-value of the singlet was the same as that of 
sodium metal. 
Earlier (§§4.2 &4.3) comparisons were made between the electron traps in 
sodium zeolites and F-centres in ionic crystals, yet in the latter case hyperfine 
splitting from the ions is not usually resolved and a single inhomogeneously 
broadened line is observed.41 Perhaps the most notable feature of the estimated 
relaxation times for the singlet signal (Table 4.4) was that they were much more in 
line with those of the N a4 3+ centre than with those of bulk metal. Figure 4.17 
provides evidence that, even at relatively low concentrations, neighbouring centres 
may be able to interact with each other, and one result of such interacdons might be 
a broadening of the spectral lines. The simulations in Figure 4.25 show the effect 
on the spectrum of Na4 3+ of an increase in the width of the individual hyperfine 
lines. As the linewidth increased the spectrum assumed a form which did not 
correspond to those recorded from samples of Na/Na-Y and, although a rough 
Gaussian singlet did eventually emerge, its linewidth was many times larger than 
the experimental values and its g-value was obviously the same as that of Na4 3+. 
Nevertheless, broadened hyperfine splitting pattern~ of this nature may well 
contribute to the extra intensity in the wings associated with the observed singlet 
lines. 
41 . 
See for example W. C. Holton, H. Blum, Phys. Rev. 125, 89 (1962). 
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(a) 
(b) 
Figure 4.25 Simulated ESR spectrum for the Na4 3+ centre, with gaussian lines 
of width (a) 25, (b) 30, (c) 35, and (d) 40 G. 
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Although in general the ESR lines of F-centres are also rather broad, on 
occasion much narrower resonances have been observed. These have satisfactorily 
been explained as the result of exchange narrowing (see Chapter 3) within 
aggregates or clusters of interacting centres,42' 43 and often have a g-value different 
from that of the parent F-centre. ESR signals narrower still, also attributed to 
F-centres, h_ave been observed in solutions of the alkali metals in molten alkali 
halides . 44 At 5 to 10 G, the width of these lines is similar to that measured for 
sodium in zeolites. With this in mind it is worth taking a closer look at the 
emergence of the singlet resonance in Na/Na-Y as the concentration of sodium 
atoms increased. Although Na-Y contains eight sodalite cages p.u.c., the singlet 
was visible at concentrations of 3 atoms p.u.c. and dominant at 8 p.u.c., while at 
13 p.u.c. the spectrum of Na4 3+ had all but disappeared (Figure 4.1). Assuming 
that the samples were reasonably homogeneous, it must be concluded that the 
maximum concentration of Na4 3+ centres is somewhat less than the theoretical 
value of 8 p.u.c., one in each sodalite cage. In fact the singlet resonance first 
appeared in Na/Na-Y at between 1 and 3 atoms p.u.c., when roughly one quarter 
of the sodalite cages should contain Na4 3+ centres. In the faujasite structure 
possessed by Na-Y the sodalite cages are linked to one another in the same way that 
the carbon atoms are joined in diamond. Each sodalite cage thus has four nearest 
neighbours from which it is separated only by a hexagonal prism. The singlet 
appeared just at the stage, where the probability that two Na4 3+ centres occupy 
adjacent sodalite cages becomes significant. The concentration of sodalite cages in 
42 
See R. W. Warren, D. W. Feldman, J. G. Castle, Phys. Rev. 136, A1347 (1964). 
43 
M. Schwoerer, H. C. Wolf, Z. Phys. 175,457 (1963) . 
44 
N. Nicoloso, W. Freyland, J. Phys. Chem. 87, 1997 (1983). 
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the faujasite structure is about 5 x 1020 cm-3, which compares with values in the 
range 1020 to 1021 cm-3 for the F-centres in molten halides, so it is not unlikely . 
that N a4 3+ centres in neighbouring socialite cages are close enough to interact in a 
similar manner. As more sodium enters the zeolite and more socialite cages are filled 
with Na4 3+ centres, 'domains' of interacting centres will grow until eventually, 
when every cage contains a centre, one domain extends throughout the whole 
zeolite crystal. The observed linewidth will depend initially on the number of 
centres in a domain, dropping rapidly as the number increases, and then, when this 
becomes large, on the frequency of exchange (see Chapter 3). To produce the 
observed linewidth in Na15/Na-Y, the required frequency, as calculated through 
equation 3 .8, is -10 10 Hz, greater than that quoted for crystalline F-centres,43 but 
similar to that for centres in molten halides, where (as in zeolites) the cations are 
mobile, and both exchange and motional processes may contribute to the 
. 44 
narrowing. 
Unlike in the single electron models described earlier, the averaged signal in 
the above scheme may have a g-value different from that of the constituent centre, 
and by substituting domains for particles, the partial success of the metal particles 
model in explaining some experimental observations may be retained. Thus the 
broader than lorentzian line may be explained by the presence of a distribution of 
linewidths due to different domain or crystallite sizes, producing a composite signal 
akin to that observed for metal panicles.37 Funhermore, a reason for the 
complicated behaviour, as the temperature was reduced, of the singlet linewidth in 
the three zeolites considered may well be found in the ~onflicting effects of a 
reduction in both T2 and the narrowing frequency. Although at a concentration of 
8 extra sodium atoms p.u.c. the zeolite must be regarded as saturated with Na4 3+ 
centres, an increase in the concentration of metal produced no sign of any funher 
drastic change in electronic structure. It is clear that whatever the eventual location 
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of the extra electrons brought into the zeolite by funher sodium atoms, they are 
close enough to the sodalite cages to participate fully in the complex of interacting 
centres. More details of this will emerge in the following chapters. The ESR 
spectrum changed remarkably little as the amount of added metal was doubled once, 
twice and even three times. At first the linewidth continued its fall, probably a 
consequence of the increased mobility of sodium in concentrated samples, indicated 
by the 23 Na NMR studies (§4.1), but at around 20 additional atoms p.u.c. a 
relatively stable value was reached. The eventual increase in linewidth which 
accompanied decomposition of the zeolite framework may be accounted for by a 
return to smaller domains as the structure collapsed. Of particular concern is that 
this may be occurring in Na/Na-X even at room temperature. 
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14. 5 Other species 
The many weak and inconsistent ESR signals, visible only in samples of 
zeolite which had reacted with very small amounts of metal vapour, are not 
considered in any detail in this work. Some of these, like the broad signal reported 
accompanying N a4 3+ in § 4.1, corresponded to resonances observed from thermally 
decomposed zeolite and may be assigned to electrons trapped at crystal defects. 
Others like the doublet signal reported in the same place resulted from the interaction 
of the highly reactive metal vapour with the zeolite or its impurities. As before 
(§4.3) the most likely cause of the doublet splitting is the 1 H nucleus, present in 
hydroxyl groups, either located at the outer surface of, or associated with crystal 
defects in, the zeolite crystallites; the existence of such groups is responsible for the 
threshold effect (see Chapter 8). Surprisingly, the observed hyperfine coupling was 
less than one third of the values established for hydrogen atoms trapped in various 
y-irradiated zeolites, which differ little from that of the free hydrogen atom,
45 
so the 
exact nature of the centre responsible for the signal remains unknown. 
45 A. Abou-Kais, J . C. Vedririe, J. Massardier, G. Dalmai-lmelik, JCS Faraday Trans. 1 70, 1039 
(1974) ; B. Wichterlova, J . Novakova, Z. Prasil , ZeolitesB , 117 (1988) . 
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14. 6 Summary 
The results of this chapter constitute the most detailed consideration of 
sodium in zeolites, yet undenaken. For the first time the direct reaction between 
sodium vapour and three different zeolites-Na-X, Na-Y and Na-A-has been 
studied quantitatively, as a function of the additional metal, and its efficacy in 
introducing sodium into the zeolite pores, selectively and on a large scale, is 
demonstrated. To help in the interpretation of the experimental results, related 
reactions of the zeolites, many of them new, both with other alkali metals and with 
reductant solutions have also been examined. 
In combination with some new neutron diffraction results, a critical review 
of previous ESR work proves the Na4 3+ centre to be tetrahedral, establishes the 
controlling influence of the sodalite cage in its formation, and confirms its 
credentials as a single electron trap in the F-centre mould. Structural and electronic 
factors affecting the overall hyperfine splitting of the centre are considered and 
Sanderson's electronegativity model is applied to correlate this parameter with the 
chemical composition of the many systems in which the centre occurs. 
With the help of simulated ESR spectra, two new centres (Na3 2+ and 
Na 5 4+) have been discovered and at last the existence of the enigmatic Na6 5+ has 
been proven. Together with Na4 3+ these form a hitheno unsuspected series of 
Nan (n-l)+ (n = 3-, 4, 5, 6) traps in sodium zeolites, probably located in the sodalite 
cage. The ESR behaviour of this series is found to be consistent with the F-centre 
model. Differences between the centres formed in the synthetic faujasites and those 
in zeolite A, including the remarkable stability of Na4 3+ in zeolite Y, are explained 
with reference to the zeolite structures. These effects depend on factors beyond the 11111 
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sodalite cage, and emphasize once again the importance, and indeed the subtlety, of 
the influence exerted by the zeolite framework. 
For the first time, the ESR singlets, previously attributed to small metal 
particles within the zeolite pores, have been studied in some detail. In spite of 
having a g-value characteristic of sodium metal, their behaviour is in general found 
to be incompatible with this assignment, and alternative models are sought. The best 
of these, based on domains of interacting centres, accounts for many features of the 
experimental observations. 
Other ESR signals recorded in the course of this work are considered briefly. 
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Is .1 Results 
ja. K-Y 
The exposure of dehydrated K-Y to potassium vapour caused the white 
solid to turn firstly turquoise, then dark blue and finally purple-black depending on 
the concentration of metal. The optimum reaction temperature was in the region of 
200 °C, samples heated for too long or at higher temperatures eventually turning 
either sandy or dark brown, again depending on the concentration of metal. In 
general the crystallinity of samples of K /K-Y was inferior to that of comparable 
samples of Na/Na-Y. 
Figure 5.1 shows the ESR spectra of the products of the reaction of Kss-Y 
(silicon to aluminium ratio r = 2.5) with different amounts of potassium metal. For 
many of the samples, regardless of concentration, the spectrum was vinually 
constant, consisting of a multiplet of thirteen lines with overall splitting A = 206 
± 2 G at g = l.9969 ± 0.0003, and a singlet at g = l.9989 ± 0.0.003. The 
linewidths were scattered in the range 10 to 12 G without pattern, falling slightly 
with reaction time for a given sample, and at 77 K the values were reduced, by a 
maximum of eight per cent. For some samples, in particular those subjected to 
higher temperatures or prolonged heating, the singlet resonance was observed 
alone. Linewidths as high as 20 G and g-values as low as 1.9975 ± 0.0005 were 
recorded for such samples, whose crystallinity was shown to be poor. 
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Figure 5 .1 The ESR spectrum of K55 -Y containing (a) 5, (b) 15, and (c) 45 
extra potassium atoms per unit cell; also shown ( d) is that of K15 I K 55-Y after 
heating at 250 °C. The asterisks in part ( a) highlight the slight asymmetry of the 
hyperfine pattern. 
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As before, a clearer version of the spectrum of thirteen lines was obtained 
when dehydrated Kss-Y was exposed to rubidium vapour, but in this case the 
clearest spectrum of all resulted from its reduction, under argon, by a solution of 
lithium metal in butylamine (Figure 5.2). The second derivative in particular 
showed evidence of secondary lines which were most visible on the high field side. 
The two singlet lines in the centre had parameters g = 1.9972 ± 0.0003, 
Affpp = 2.7 ± 0.3 G; and g = 2.0022 ± 0.0003, Mfpp = 0.3 ± 0.1 G. Neither the 
reduction of the same reolite by the milder n-butyllithium, nor its y-irradiation, 
produced any of the ESR signals mentioned. 
The products of the reaction of modest amounts of potassium vapour with 
K 64-Y (r = 2.0) were similar in appearance to those obtained from its reaction with 
Kss-Y, and at 77K the ESR spectrum was indistinguishable from that of 
K/K55-Y; but remarkably at room temperature a rather different pattern was 
recorded (Figure 5.3 ). The central portion of the spectrum was complex but perhaps 
the most interesting feature was the presence, in the wings, of a hyperfine pattern of 
nineteen lines with overall splitting A = 330 ± 5 G, centred on g = 1.998 ± 0.001. 
The reduction of the same reolite by a solution of lithium in butylamine produced a 
similar result. 
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Figu re 5.2 The ESR spectrum of K 5 5-Y reduced by a solution of lithium metal in 
butylamine : (a)first derivative, (b) second derivative. 
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Figu re 5.3 The ESR spectrum of K7/K 64-Y at (a) 77 K, and (b) 298K. Also 
shown ( c) is the second derivative spectrum at 298 K . 
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K-X 
The exposure of dehydrated Ks1-X (r = 1.2) to potassium vapour resulted 
in the colour sequence, violet, intense indigo-blue, and finally rich green-black. In 
the initial stages of reaction, temperatures of around 200 °C were again preferred 
but, later on, the compounds were much more resistant to decomposition at higher 
temperatures than comparable samples of K/K-Y. For a wide range of 
concentrations of additional metal, the room temperature ESR spectrum consisted of 
a single, symmetric line, broader in the wings than a lorentzian, at g = 1.9992 
± 0.0001 (Figure 5.4), which could not be saturated with the microwave power 
available. The linewidth dropped from almost 7 G at the lowest concentrations to 
less than 3 G at the highest, but strangely at 77 K the values for all samples 
converged at around 4 G. For samples of low concentration an even more striking 
change occurred as the temperature was reduced: the appearance of a hyperfine 
pattern of ten lines with overall splitting A = 115 ± 1 G. The reduction of the same 
zeolite by a solution of lithium in butyl amine produced a single line at g = 1. 997 5 
± 0.0003 with a weak trace of hyperfine splitting in the wings; once again the 
attempted reduction with n-butyllithium failed. 
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Figure 5.4 The ESR spectrum of K10/ K-X at (a) 298K, and (b) 77 K . Also 
shown (c) is the second derivative spectrum at 77 K. 
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K-A 
The reaction of potassium vapour with dehydrated K12-A (r = 1) produced 
pale or dark blue solids depending on the concentration of metal. As in the case of 
Na/Na-A, the reaction temperatures (250 °C) were higher than those required for 
the faujasites X and Y, and the ESR spectrum was found to consist of a complex, 
nonsaturable line, comprising a broad and a narrow contribution with parameters 
g== 1.9993, Mlpp== 5G; andg== 1.9998, Mfpp== IG respectively (Figure 5.5). 
At 77 K samples containing low concentrations of added metal once again exhibited 
a hyperfine pattern of ten lines with overall splitting A = 117 ± 2 G. 
K-L 
The interaction of dehydrated K9-L (r = 3) with potassium vapour at 
temperatures between 150 and 200 °C produced the brilliant blue solid, whose ESR 
spectrum is shown in Figure 5.6. The spectrum consisted of the now familiar 
nonsaturable, broader than lorentzian line-this time at g = 1.9994 ± 0.0001 with 
linewidths in the range 16 to 19 G, rising to -20 G at 77 K-and a secondary 
feature at g = 1.974 ± 0.001. 
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Figure 5.5 The £SR spectrum of K 1 I K~A at (a) 298 K, and (b) 77 K. 
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Figure 5.6 The ESR spectrum of K4/K-L. 
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j s. 2 Discussion 
G. Electron traps in potassium zeolites 
Although the reaction of potassium zeolite Y with potassium vapour was 
reponed by Rabo and Kasai, 1 and Westphal and Geismar,2 the honour of the 
discovery of the potassium analogue of Na4 3+ fell to Edwards et al.
3
'
4 
whose 
specrrum of thineen lines had parameters essentially identical to those reponed in 
§5.1. Unlike that of Na4 3+, the spectrum of K 4 3+ is not perfectly symmetric: the 
shapes of some of the hyperfine lines (such as those marked in Figure 5.1) are 
clearly distorted and do not match their counterparts on the other side of the 
specrrum. In Figure 5.2 the cause of these effects is made clear: further hyperfine 
splitting is visible in the wings of the spectrum particularly on the high field side. 
Since potassium has two stable isotopes, complications in the spectrum were not 
unexpected.4 The relative proportions are such that approximately three quarters of 
the centres should contain four 39 K cations with most of the rest comprising three 
39K and one 41 K. The ESR spectrum expected from such an arrangement has been 
simulated and is shown in Figure 5.7. The overall effect was to broaden the lines, 
but although the shape of some of the outer lines was indeed distorted, the presence 
of two isotopes cannot explain the loss of symmetry in the spectrum. Figure 5.8 
shows the simulated spectrum for two K4 3+ centres with slightly different g-values 
and hyperfine splirtings, mixed in the ratio 2: 1. The result bears some similarity to 
1 
2 
3 
4 
J. A. Rabo, P. H. Kasai, Prog. Solid State Chem. 9, 1 (1975). 
U. Westphal, G. Geismar, Z. anorg. a/lg. Chem. 508, 165 (1984). 
P. P. Edwards, M. R. Harrison, J. Klinowski, S. Ramdas, J. M. Thomas, D. C. Johnson, C. J. 
Page, JCS Chem. Commun. 1984, 982. 
M. R. Harrison, P. P. Edwards, J. Klinowski, J. M. Thomas, D. C. Johnson, C. J. Page, J. Solid 
State Chem. 54, 330 (1984) . 
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the spectrum in Figure 5.2 and may be evidence either of the presence of two 
slightly different centres, or perhaps of some anisotropy in the specnum. 
(a) 
(b) 
(c) 
Figure 5.7 SimulatedESR spectra fo r (a) 39K 4 3 + , (b) 4 1K 39K 3 3+ , and (c ) a 
mixture of these two centres in the ratio 3 :1 . 
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(a} 
(b} 
Figure 5.8 Simulated first (a), and second (b) derivative ESR spectrum for a 
mixture of two K43+ centres with parameters g = 1.997, A = 205 G; and 
g = 1.999, A = 192 G, in the ratio 2 :1. 
I I ! 
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The latter possibility is of some interest since the ground state of the 
hypothetical K 4 + cluster has been calculated to be asymmetric.
5 It is true that the 
assignment of the spectrum to K4 3+ has rested largely on analogy with Na4 3+, but 
its observation at low concentration, after the reduction of the zeolite by a solution 
of lithium in butylamine, establishes the single electron trap as the more likely. In 
any case, the analogy with Na4 3+ appears to be a sound one, even encompassing 
such details as the slight contraction in overall hyperfine splitting observed as the 
temperature was lowered. One major difference between the two centres lay in the 
g-values. In accordance with relation 3 .3 (!).g oc }./ !).£), the g-shift of a centre 
reflects both the spin-orbit coupling constant of the constituent atoms, and the 
excitation energy of the centre. The fonner, dependent on atomic number, is much 
larger for potassium than sodium, and since the latter is probably lower for the 
potassium centre,2 both effects contribute to its substantial g-shift, while that of the 
sodium centres remains negligible. That the width of the lines in the spectrum of 
K 4 3+ was much less than in the sodium centres is an expected consequence of the 
smaller gyromagnetic ratio of the potassium nucleus, which results in a lesser 
contribution to inhomogeneous broadening. Although the absolute hyperfine 
splitting of K 4 3+ was less than that of the sodium centres, the apparent spin density 
at -80% was approximately twice that of Na4 3+. For sodium centres, it has been 
shown that the overall splitting is related to the proponion of the cavity volume 
occupied by the cations (Chapter 4); the observation of a greater spin density in 
K 4 3+ suggests that this relation extends to the larger potassium cations and thus 
lends further suppon to the analogy with Na4 3+. Harrison et a/.4 supposed that the 
greater size of the potassium ion would cause the potassium centre, fitting into the 
sodalite cage only with difficulty, to be less stable than Na4 3+. That the potassium 
5 J . Flad, G. Igel, M. Doig, H. Stoll, H. Preuss, Chem. Phys. 75, 331 (1983). 
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shown that the overalJ splitting is related to the proportion of the cavity volume 
occupied by the cations (Chapter 4); the observation of a greater spin density in 
K 4 3+ suggests that this relation extends to the larger potassium cations and thus 
lends further support to the analogy with Na4 3+. Harrison et al.4 supposed that the 
greater size of the potassium ion would cause the potassium centre, fitting into the 
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5 J. Flad, G. Igel , M. Doig, H. Stoll, H. Preuss, Chem. Phys. 75,331 (1983). 
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centre was not observed after y-irradiation, and that its production required a 
stronger reductant than the alkyllithiums effective in the production of N a4 3+, 
confirm that it is indeed less stable than its sodium counterpart. 
The observation of hyperfine patterns of ten and nineteen lines suggests the 
presence of K 3 2+ and K 6 5+ respectively, forming a series of centres similar to that 
in sodium zeolites. In Figure 5.9 the overall hyperfine splinings are plotted as a 
function of the number of atoms in the centre, along with corresponding values for 
sodium centres in zeolites X and A. 
500 
c., • 
-- 400 C) • C 
;; • ::: 
• • c. 
rn 300 
QI 
C 
~ 
QI 
Q. 
>, 200 • 
.c 
~ 
-0 
• • Sodium centres I- 100 
• Potassium centres 
0 
2 3 4 5 6 
Number of atoms 
Figure 5.9 The total hyperfine splitting of sodium and potassium centres as a 
function of the number of atoms in the centre. 
With its exceptionally large hyperfine splitting and a linewidth much larger 
than that of K 4 3+, the pattern of nineteen lines might easily be mistaken for that of a 
POTASSIUM 125 
sodium centre. The potassium reolites used in this work were prepared from the 
corresponding sodium form by ion exchange and therefore did contain a few 
residual sodium ions (Chapter 2), but at a concentration of less than 4 p.u.c., the 
likelihood of a centre involving six sodium ions is remote. For, although the 
preferential occupation by sodium of sites near the sodalite cage is a possibility, 
there was on average only one sodium cation per two sodalite units, and in any case 
the g-value of the pattern was characteristic of a potassium species. The signal was 
observed only in K/K64-Y; its disappearance as the temperature was lowered, and 
the reversion of the complex room temperature spectrum to the familiar one 
attributed to K4 3+, provided a final piece of evidence that potassium ions were 
responsible. As before, the tendency towards centres of higher nuclearity can be 
rationalized as a consequence of the increased number of cations in the host reolite; 
that such traps should occur in K-Y with 64 cations p.u.c., but only be visible in 
Na-X with many more ions, may be ascribed to the greater size of the potassium 
cation, which exacerbates the problem of ion crowding. With this in mind it would 
be somewhat surprising if a K 6 5+ centre, with six potassium cations squeezed in 
the sodalite cage, were at all stable, and sure enough, even at room temperature the 
spectrum of nineteen lines was much weaker than the central complex, proof that its 
source was present only as a minority species. The breadth of the hyperfine lines 
also reflects this evident instability, which unfortunately precludes a more detailed 
analysis; beyond the fact that it comprises six equivalent potassium atoms, nothing 
definite therefore can be said about the nature and location of the centre. In fact, 
although its profile has proven difficult to reproduce, simulation studies have 
shown that the room temperature spectrum (Figure 5.3) contained more than just the 
spectrum of nineteen lines and that of K4 3+, so the presence of other centres, 
forming a homogeneous series like that in sodium reolites, remains a possibility. 
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The specttum of ten lines is rather more clear cut: the simulated spectra in 
Figure 5.10 are excellent reproductions of the experimental spectra (Figure 5.4) and 
the observation of the identical hyperfine pattern in both K/K-X and K/K-A 
forwards the sodalite cage as a likely location. Once again we are faced with the 
paradox of a centre of lower nuclearity in the two zeolites containing the greatest 
concentration of ions, but comfon may be drawn from the fact that its signal, not 
visible at room temperature, was always much weaker than the singlet, suggesting 
that it too may result from a minority species. The exact nature of this centre 
therefore also remains in some doubt, and it is wonh recalling the observation of a 
spectrum of ten lines attributed to K3 molecules in frozen argon.6 The overall 
hyperfine splitting of the spectrum in zeolites was however considerably smaller, 
and that it was observed only in samples containing a small amount of additional 
potassium suggests that a neutral K 3 cluster is unlikely. 
In conclusion then, the comparison between the potassium centres and the 
series in sodium is not a sound one. For one thing, the observed trend in Figure 5.9 
may well be distoned by differences in the electronegativities of the potassium 
zeolite hosts, and in any case it is not yet clear that the three potassium centres do in 
fact form a homogeneous series of single electron traps in the sodalite cage, 
comparable to that in sodium zeolites. 
6 G. A. Thompson, D. M. Lindsay, J. Chem. Phys. 74 , 959 (1981 ). 
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(a) 
(b) 
Figure 5.10 Simulated ESR spectrum for Ki+: (a) first, and (b) second 
derivative. 
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I b. . Electron delocalization in potassium zeolites 
The most accurate g-value reponed for bulk potassium metal is 1.9998 
± 0.0001,7 and for small particles in various media the observed values range 
between that and the 1.9982 reponed by MCMillan. 8 A similar spread of values was 
exhibited by the singlet signals recorded after the reaction of potassium vapour with 
the four potassium zeolites studied, the vast majority falling between 1.9990 and 
2.0000. Once again lower values, such as that reported by Edwards et a/.,
3
'
4 
were 
associated with damage to the zeolite framework. In all cases the lines were broader 
than lorentzian in the wings, probably, as in sodium zeolites, as a result of a 
distribution of linewidths. This point is underlined by simulations such as those in 
Figures 5.10&5.ll, where the central singlet component could be reproduced 
adequately only by at least two lorentzian lines. From K/K-A, as from its sodium 
analogue, a complex signal containing two obvious components was recorded ; this 
peculiarity of zeolite A is discussed further in Chapter 8. Perhaps the most 
interesting observation was that of a second feature in the spectrum of K/K-L, 
which may well be an indication of anisotropy, since, in contrast to the three-
dimensional pore system of zeolites X, Y and A, zeolite L consists of parallel, 
straight channels (see Chapter 1); the observation of a similar signal in Na/K-L 
(Chapter 7) suppons this proposal. 
7 
8 
W. M. Walsh, L. W. Rupp; P.H. Schmidt, Phys. Rev. 142, 414 (1966). 
R. C. MCMillan, J. Phys. Chem. Solids 25, 773 (1964). 
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(a) 
(e) 
Figure 5.11 The simulation of the ESR spectrum of K I K 55-Y (Figure 5.1 ): (a) 
the components-Lorentzian lines of width 25 G (] ), and JOG (2); and the 
spectrum of K/+ (3); (b) 1 &3; (c) 2&3; (d) 1 &2&3; (e) 1 &2. Note that the line in 
part ( e) has the familiar composite shape, broader in the wings than a lorentzian. 
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Blazey et al.9 measured the ESR susceptibility of the singlet in K/K-Y and 
found it to increase at low temperature in Curie fashion, but the g-value apart, there 
is little evidence that it originates from small potassium clusters as they assumed. 
Quite apart from the individual details, the sheer variety of the ESR response 
precludes the possibility that small potassium particles were the source of all the 
signals observed. Although the singlets observed in all four zeolites were slow to 
saturate, the room temperature linewidths were considerably less than that of bulk 
metal, and on cooling, the linewidths were not proportional to temperature. For the 
most part, the trend established for sodium of a reduction in linewidth with 
increasing concentration of added metal was observed, but only in the K/K-X 
system was the narrowing substantial. At low concentrations this zeolite also 
provided the only case of the linewidth being less at 77 K than at room temperature, 
but bizarrely the reverse was true of more concentrated samples, and so at the lower 
temperature the linewidth of all samples of K/K-X was -4 G. 
In many respects-the characteristic broader than lorentzian lineshape for 
instance-the singlet lines were very similar to their sodium counterparts, but the 
tendency for the linewidth to increase as the temperature fell was even more 
pronounced than in the sodium case, and points once again to the imponance of 
averaging processes. The exchange model developed in Chapter 4 is plainly also 
applicable to the case of K/K-Y, whose ESR spectra were in general very similar in 
form to those of Na/Na-Y. Yet even at the lowest concentrations of added 
potassium metal, at room temperature only K/K-Y exhibited ESR spectra 
attributable to electron traps; in the three other zeolites, whi.ch encompass a range of 
silicon to aluminium ratios from 1 to 3, singlet lines were observed. If the model is 
to accommodate all these results, a cenain change of emphasis is needed. It is clear 
9 
K. W. Blazey, K. A. Muller, F. Blatter, E. Schumacher, Europhys. Lett. 4,857 (1987). 
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that, in potassium zeolites, stable electron traps are the exception rather than the 
rule, and that the presence of a singlet is not contingent on their existence. In fact, 
this conclusion was foreshadowed in Chapter 4, when it was noted that the singlet 
signal remained relatively unchanged as sodium atoms were introduced to Na-Yin 
excess of the number required to produce an Na4 3+ centre in each sodalite cage; it 
seems that the location of the electrons is much less important than the fact that they 
are close enough to interact with each other. 
The appearance at low temperature of a hyperfine pattern of ten lines in both 
zeolites X and A suggests that the singlet lines might still be due to exchange 
between electron traps, albeit shallow ones, which are shortlived on the timescale of 
ESR. The controlling influence of the zeolite structure on the formation of the 
various ESR centres was established in Chapter 4, and this goes some way towards 
explaining the apparent lack of the more favourable trapping sites in some zeolites; 
but the results of this chapter also highlight the importance of another zeolite 
property, the silicon to aluminium ratio (r) . For some consideration is certainly 
necessary of the reasons why, at room temperature, the sodalite cage appears to be a 
favourable trapping site in the zeolites Na55-Y, Na64-Y, Nag7-X, Kss-Y and 
K64-X, but not in Ks7-Y, all having the same framework structure. It has already 
been noted that, although the sodalite cage occupies a relatively small proportion of 
the total volume of the structure, all the most favourable 6-ring cationic sites are 
associated wi~ it, and that in the sodium system, the best arrangement is found 
with four to six ions in the sodalite cage (Chapter 4 ). In K /K-Y, because of the 
greater size of the potassium cation the presence of ~ore than four ions in the 
sodalite cage is much less acceptable, and the extra cations of K/K-X are forced to 
remain in the supercages, where, again because of their size, many must have 
difficulty in finding suitable coordination sites. The result should be a buildup of 
unbalanced positive charge in the supercages, which must at some point become so 
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great that the sodalite cage no longer represents a stable electron trap. At low 
temperature the ESR spectrum of a trap did appear, and what evidence there is 
suggests that it was located in the sodalite cage. This does not contradict what has 
just been said; although the centre may not be stable enough to be observed at room 
temperature, it may still be more so than any potential trap elsewhere. Remarkably, 
all the electron traps discovered to date have the sodalite cage as their proven or 
likely location. The significance of this observation is emphasized by the ESR 
spectrum of the K /K-L system, the first reponed example of the incorporation of 
alkali metal vapour into a zeolite which does not contain the sodalite cage as a 
structural unit: even at 77 K no sign of hyperfine splitting was detected. 
The minimum linewidth recorded for the singlet signals, in each of the four 
potassium zeolites studied, is plotted in Figure 5.12 and is found to be roughly 
proponional to the silicon to aluminium ratio. Amongst other things, this ratio 
serves as a measure of the concentration of cations in the zeolite, so if the ratio of 
electrons to cations may be regarded as constant, 10 then an explanation for the trend 
may be found within the framework of the exchange model: the lower limit to the 
linewidth is dependent on the frequency of exchange between electrons, which may 
reasonably be expected to be dependent on the average distance between them. That 
this simple relationship encompasses results from such different zeolite structures, 
is a further indication that, unlike the electron traps, the singlet signal is a generic 
feature, not depe_ndent on the detail of the zeolite structure. It is nevertheless 
important to note how the zeolite retains an important influence on the form of the 
ESR spectrum, and not only through the silicon to alurr:i,inium ratio: the one-
dimensional channel system of zeolite L apparently results in an anisotropic signal. 
1 O This point is considered in Chapter 8. 
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Figure 5.12 The minimum linewidth at room temperature of the ESR singlets in a 
range of sodium and potassium zeolites as a function of the silicon to aluminium 
ratio of the host. 
What then does the ESR spectrum of such a compound look like when the 
concentration of extra electrons is too low for exchange to occur? Throughout this 
work, compounds containing very low concentrations of reduced species, which 
are difficult to prepare by the normal vapour reaction, have been produced by the 
treatment of the dehydrated zeolites with reductant solutions; the single ESR line at 
g = 1.9975 ± 0.0003, observed after the reduction of K-X by a solution of lithium 
in butylamine, may therefore provide an answer. A similar signal was present after 
K-Y was reduced by the same procedure and in both cases the g-value was distinct 
from those of the other singlet lines, similar in fact to that of the single electron trap 
K 4 3+. Although the possibility that the solvent has some influence on the g-value 
cannot be completely excluded, such a shift has not been seen on any other 
occasion. It is likely therefore that these signals originated from single electrons, too 
Ii 
I 
1'111!1 
I 
i'1" 
I 
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far apan to interact with each other, and that the different g-value was the only 
symptom of the loss of the exchange interaction. 
Although the imponance of electron exchange is not in doubt, the time has 
come to question whether explanations based on electron traps are entirely 
appropriate, and it is well worth taking a closer look at the experiment which is 
being performed. Conventionally a metal is described by the notional separation of 
its constituent atoms into a regular array of ions and a 'gas' of free electrons. 
Although neither exists in practice, a dehydrated zeolite, whose cations, coordinated 
on only one side to the anionic framework, line the inside of a series of 
interconnected cavities, may be regarded as the closest available approximation to 
the former. The reaction with metal vapour can be considered simultaneously to 
increase the number of cations in the zeolite and to introduce electrons to the 
system. Even if in principle any cation or group of cations within the zeolite is a 
potential electron trap, with the exception of those in the socialite cage, they may in 
practice be no more able to trap electrons than the positive ions in a metal, and so 
the electrons of the incoming atoms may be regarded as delocalized within the 
zeolite structure. This view is strengthened by the realization that the ions 
themselves, with the exception of those trapped in socialite cages, are likely to be in 
motion at room temperature. It is imponant to stress that this does not in any way 
negate the validity of the exchange model : exchange narrowed F-centre signals have 
been observed in solutions of the alkali metals in molten alkali halides. 
11 
11 
N. Nicoloso, W. Freyland, J. Phys. Chem. 87, 1997 (1 983) . 
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j s. 3 Summary 
Reported in this chapter are the results of the first systematic study of 
potassium in a range of zeolites (X, Y, A and L ). As before, the interpretation of the 
ESR spectra has been assisted by comparison both with simulated spectra and with 
those resulting from the treatment of the zeolite hosts with reductant solutions. 
The K 4 3+ centre, potassium counterpart of Na 4 3+, has been examined in 
some detail, and the possibility of a series of K 11 (n-l)+ (n = 3, 4, 5, 6) centres 
analogous to those in sodium zeolites is mooted. ESR spectra are presented which 
constitute the first observation of these or similar centres. 
Once again the behaviour of the ESR singlet, recorded in all four zeolites, is 
found to be incompatible with its previous assignment to small potassium particles. 
Experimental observations, which include a newly discovered relationship between 
the singlet linewidth and the silicon to aluminium ratio of the host, prove that its 
presence is dependent neither on the existence of stable electron traps nor on any 
other particular of the zeolite structure. These results are accommodated within a 
modified version of the exchange model developed in Chapter 4. 
Thus the singlet signal is shown to be a generic feature, influenced primarily 
by the silicon to aluminium ratio, but the observation of an anisotropic version in 
the one-dimensional K-L is a reminder of the potential importance of what may be 
termed the zeolite superstructure. In contrast the appearance of stable electron traps 
is shown to be a particular occurrence, apparently conditional both on the presence 
of the sodalite cage structural unit, and on the absence of excessive ion crowding. 
The latter condition is again dependent on the silicon to aluminium ratio, and also on 
the nature of the cation. 
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16 .1 Rubidium 
The reaction between rubidium vapour and rubidium zeolite Y is reponed by 
Edwards et al.,1' 2 but therr observation of the ESR spectrum ofNa4 3+ in addition to 
a broad singlet at g = 1.989 betrays the problem with this work: the special 
difficulties in preparing rubidium zeolites which do not contain a significant amount 
of residual sodium ions (Chapter 2). In general, 'Rb-Y' for example contains 
around twenty sodium ions p.u.c. ; Figure 6.1 shows a typical spectrum of 
Rb/Na 19Rb4s-Y. The presence of a healthy contribution from Na4 3+ rendered 
accurate measurement of the underlying signal impossible, even at loading levels as 
high as fifty atoms p.u.c. The g-value of the signal reponed by Edwards et al. fell 
below the values reponed for bulk 3 or paniculate rubidium,4 and its linewidth, 
increasing from its room temperature value of 115 G to 145 G at 120 K, exhibited 
behaviour which, once again, is inconsistent with that of metal or metal particles. 
2 
3 
4 
P. P. Edwards, M. R. Harrison, J. Klinowski , S. Ramdas, J. M. Thomas, D. C. Johnson, C. J. 
Page, JCS Chem. Commun. 1984, 982. 
M. R. Harrison, P. P. Edwards, J. Klinowski, J. M. Thomas, D. C. Johnson, C. J. Page, J. Solid 
State Chem. 54, 330 (1984) . 
S. Schultz, M. R. Shanabarger, Phys. Rev. Lett.16, 178 (1966); W. M. Walsh, L.W. Rupp, P. 
H. Schmidt, Phys. Rev. Lett. 16, 181 (1966) . 
S. C. Guy, P. P. Edwards, Chem. Phys. Lett. 86, 150 (1982) . 
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Figure 6.1 The ESR spectrum of Rb28/Na19Rb45-Y. 
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16. 2 Caesium 
I a. Results 
The reaction of caesium vapour with dehydrated zeolite Cs64-Y (r = 2.0) 
produced turquoise, sea green and inky blue solids, depending on the concentration 
of the metal. Although the reaction would take place below 100 °C, higher 
temperatures were required to facilitate the diffusion of the large caesium ion and 
produce homogeneous samples. Unfonunately this was rarely achieved without 
some damage to the zeolite framework, but at 200 °C an acceptable compromise was 
reached. The ESR spectrum (Figure 6.2) consisted of a single line, broader in the 
wings than a lorentzian, whose width at room temperature was in the range 80 to 
120 G; in each case the linewidth was greater at 77 K, values as high as 200 G 
being recorded, and a slight loss of symmetry was apparent. The line could not be 
saturated with the microwave power available and its g-value was in the range 
1.962 to 1.970, decreasing with reaction time. 
The exposure of dehydrated Cs12-A (r = 1) to increasing amounts of 
caesium vapour resulted in pale violet, sea green and dark purple-brown solids. In 
this case, substantial loss of the zeolite crystallinity could not be prevented, even at 
temperatures of 150 °C. Once again zeolite A produced a series of complex signals 
such as that in Figure 6.2c, which can be analysed in terms of a broad and a narrow 
component with parameters g = 1.964 ± 0.001, Mlpp = l90G; and g = l.955 
± 0.001, Mlpp = 30G respectively. The spectrum was little changed at 77 K. 
The interaction of silicalite with caesium vapour at 100 °C produced a blue-
black solid with a trace of metallic lustre, from which an ESR signal could. not be 
obtained because the cavity could not be tuned with the sample in place. 
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Figure 6.2 The ESR spectrum of Cs1s!Cs-Y at (a) 298K, and (b) 77 K. Also 
shown ( c) is the spectrum of Cs 3 I Cs-A at 298 K. 
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Discussion 
Because of the larger spin-orbit coupling of the caesium atom, the 
observation that the g-values recorded from caesium in zeolites were much lower 
than those from the other alkali metals, was not unexpected. A measure of this lies 
in the fact that they are considerably closer to the values offered by theory for 
caesium metal 5 than any of those reported for bulk (2.013, 2.005) 3 or metal 
particles (1.93).6 Contrary to all expectations, the two values for bulk caesium are 
in fact higher than that of a free spin, but the large spin-orbit coupling constant does 
make its mark in another way: spin relaxation is so efficient that caesium CESR is 
too broad to be observed above 15 K. For this reason the observation at room 
temperature of a signal from caesium in zeolites is remarkable- too remarkable, in 
fact, to be lightly attributed to metal particles or clusters. 
Both the increased line width at 77 K of the signal from Cs / Cs-Y, and the 
now familiar broader than lorentzian lineshape, suggest that such signals, like their 
sodium and potassium counterparts, emanate from something rather different. That 
Blazey et al.1 should find the signal in Cs /Cs-X to obey a Curie-Weiss law with an 
intercept of -40 K on the negative temperature axis is therefore unsurprising. The 
line width of their sign al was considerably less than that of the signal in Cs/ Cs-Y, 
an observation in agreement with the sodium and potassium cases. Tending to 
decrease with reaction time, the g-value of caesium in zeolites was hard to pin 
down. In the case of sodium and potassium, lower values have been associated 
with damage to the zeolite framework (Chapters 4 & 5); the observation of the 
lowest values of all in the poorly crystalline Cs/Cs-A suggests therefore that the 
5 
6 
7 
R. A. Moore, J. Phys. F 5, 2300 (1975); and references therein. 
R. A. Levy, Phys. Rev. 102, 31 (1956) . 
K. W. Blazey, K. A. Muller, F. Blatter, E. Schumacher, Europhys. Lett. 4, 857 (1987) . 
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falling g-values betrayed a deteriorating zeolite framework. In these circumstances 
the highest value recorded of 1.970-the same as that reported by Blazey et al . . 
-may well be the most autlientic. 
In the course of attempts to determine the structure of dehydrated, fully 
exchanged Cs-A by single crystal X-ray diffraction, Heo et al.8 observed groupings 
of cations, which they designated Cs 2 + and Cs 4 3+ clusters. ESR spectra anibutable 
to such species were not observed in caesium zeolites. In view of the comparative 
rarity of stable electron traps in the potassium zeolites this was not unexpected, and 
indeed lends some support to the explanations forwarded in Chapter 5. The failure 
due to tuning problems to observe an ESR signal from Cs/silicalite was the only 
indication of truly metallic behaviour observed throughout this work; that it should 
occur only in this case provides an important insight into the factors imponant in the 
reaction between alkali metals and zeolites, which are discussed in Chapter 8. 
8 
N. H. Heo, K. Sett, J. Am. Chem. Soc. 109, 7986 (1987) ; JCS Chem. Commun. 1987, 1225; 
ACS Symp. Ser. 368,177 (1988); N. H. Heo, C. Dejsupa, K. Sett, J. Phys. Chem. 91, 3943 
(1987) . 
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16. 3 Lithium 
In many areas of chemistry lithium holds an anomalous place amongst the 
alkali metals, and this work is no exception. The use of lithium vapour as a reagent 
was not attempted. Even at the melting point (180 °C) lithium has been found to 
react so strongly with silicates that, that not even glassware, much less zeolites, are 
resistant to attack. The reaction of lithium zeolites with the other alkali metals fared 
little better, the zeolites showing poor resistance to decomposition. Ironically, the 
problem of decomposition was partly solved by the novel use of lithium, dissolved 
in primary amines, as a reductant; but although the method was successful in 
producing the sodium and potassium centres responsible for some of the more 
spectacular ESR spectra reported in this work, no lithium analogue was detected. 
The spectrum of most samples prepared in this way included a sharp signal 
(Aflpp < 1 G) at g = 2.0023 ± 0.0001, which was slow to saturate. Similar signals 
are attributed to lithium metal or metal particles,9 but the assignment of a signal 
whose g-value deviates so little from that of a free spin is rarely easy and in this 
case the solvated electron is an equally plausible source. 
Requisite for the success of these reductions was an inert atmosphere, and it 
is of some interest that in this case dry nitrogen gas proved not to be so. Figure 6.3 
shows the ESR spectrum of Li49Na6-Y after reduction by a solution of lithium 
metal in propylamine, which may be compared with that recorded after the same 
reaction was performed under argon (Figure 4.15a). Martens et al.,10 studying the 
preparation of sodium in zeolites by the decomposition of sodium azide, interpreted 
their results in terms of 'neutral Na clusters glued to the wall of the support through 
9 
A. E. Hughes, S. C. Jain, Adv. Phys. 28, 717 (1979) ; and references therein. 
10 
L. R. M. Martens, W. J. M. Vermeiren, P. J. Grobet, P.A. Jacobs, Stud. Surf. Sci. Cata/. 31, 
531 (1987) . 
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a chemical interaction between residual N and suppon O '; with lithium metal well 
known to react with nitrogen gas at modest temperatures, 11 an interaction between 
gas and reduced zeolite would not be without precedent. The signal was only 
detected in zeolites containing lithium ions, and in some cases a splitting pattern of 
at least thiny lines each separated by-1 G was observed (Figure 6.3b). Whether 
this was due to unusually good resolution of the main signal, or a different signal 
altogether, remains unclear, as does its likely origin. 
11 N. N. Greenwood, A. Earnshaw, Chemistry of the Elements, Pergamon Press, Oxford (1 984). 
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Figure 6.3 The ESR spectrum of Li49Na6-Y after reduction by a solution of 
lithium metal in propylamine under nitrogen. 
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16. 4 Summary 
For various reasons the study of rubidium, caesium and lithium in zeolites is 
much more difficult than that of sodium and potassium, but a preliminary study of 
the caesium system has been successfully achieved. The results are entirely 
consistent with the models developed for sodium and potassium, and the trend 
away from stable electron traps with increasing cation size is taken to its ultimate 
conclusion. In contrast to the lighter elements, both caesium and rubidium in 
zeolites exhibited g-values different from those recorded from bulk or particulate 
metal. No firm evidence for the interaction of lithium with either trapped or 
delocalized electrons was collected, but some interesting results from the reduction 
of zeolites by solutions of lithium metal in primary amines were obtained, including 
the possibility of an interaction involving lithium zeolites and nitrogen gas. 
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j 1 .1 Results 
ja. ESR 
The use of small amounts of higher alkali metals to produce electron traps in 
sodium and potassium zeolites was mentioned earlier, but in general the interaction 
between the vapour of one metal and a zeolite containing the cations of another 
produced compounds whose properties could not be understood in terms of the 
atoms and ions of a single metal. The room temperature ESR results of the products 
of some such reactions are summarized in Table 7 .1. 
Table 7.1 Typical ESR parameters of mixed systems. 
Singlet line 
Zeolite r Metal g-value Linewidth/G Hyperfine splitting 
Na-Y 2.5 K 2.0012 26 Na43+ 
Rb 2.0010 20 Na4 3+ 
Cs 2.0008 16 Na43+ 
Na-X 1.2 K 2.0000 10 Nas4+, Na65+ 
Na-A 1 Cs 2.0011 12 weak-35G 
K-L 3 Na 1.9996 23 8 
K-Y 2.5 Na 2.0001 12 weak - 37, 17 G 
Rb 1.9983 12 K43+ 
Cs-Y 2.0 Na 1.974 150 
Li-Y 2.5 K 1.9999 11 · weak -37G 
Cs 1.9678 80 
Li-X 1.2 Rb 1.9923 8 
a 
The spectrum also contained a secondary feature at g = 1.974 ± 0.001. 
I~ 
I 
I 
! 
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The various combinations may usefully be divided into two categories: 
those where the incoming metal atoms are more electropositive than the waiting 
cations and those where they are less. In the former case, the reaction usually 
proceeded readily and in the appropriate 1.eolites produced compounds whose ESR 
spectrum contained a strong contribution from electron traps. This rendered a 
detailed study of the singlet lines difficult, but in Cs/Na-A the linewidth was 
observed to decrease with increasing metal concentration, and in Cs /Li-Y it 
increased from - 80 to - 130 G when the sample was cooled to 77 K. When the 
metal atoms were less electropositive than the zeolite cations, reaction was often 
more difficult and in the case of Na/Cs-Y occurred only to a relatively feeble extent 
and at the cost of the virtual destruction of the zeolite framework. When the 
difference in the electropositivity of the two metals was less, the problems were 
correspondingly less severe, and a detailed study of the Na/K-Y system was 
possible. The exposure of dehydrated Kss-Y to sodium vapour, produced solids of 
violet-pink, purple and black hue (depending on the concentration of metal) and of 
browner shades of all these (depending on the temperature and length ofreaction). 
The optimum temperature for the reaction was in the region of 250 °C. At all 
concentrations the main feature of the ESR spectrum was a singlet line at g = 2. OOO I 
± 0.0003, whose shape, though symmetric, was broader in the wings than a true 
lorentzian line. The linewidth of this signal was dependent on both the concentration 
of metal and the reaction time, as shown in Figures 7 .1 & 7.2. At 77 K the observed 
linewidths were only slightly altered, smaller for those samples containing a lot of 
added metal, and greater for those containing less. Only at the very lowest 
concentrations were weak traces of hyperfine splittings visible (Figure 7 .3 ). 
I I 
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Figure 7.1 The ESR linewidth of Na/ K-Y as a function of sodium concentration. 
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Figure 7.2 The ESR linewidth of Na/ K-Y as afunction of the reaction time , 
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Figure 7.3 The ESR spectrum of Na2 I K-Y: (a)first, and (b) second derivative. 
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NMR 
The 23 Na NMR spectrum of dehydrated K ss-Y was recorded at 106 MHz 
and 298 K, before and after exposure to varying amounts of sodium vapour. Even 
in the sample containing the most sodium, the only signal observed was at about 
zero ppm, extremely weak and probably originated from a small number of sodium 
ions located in the hexagonal prism (Chapter 4). Also recorded were the 27 Al 
spectra (at 104MHz) of the same compounds; the results are summarized in 
Table 7.2. 
Table 7.2 The room temperature linewidth of the 27 Al NMR spectrum of K-Y 
containing varying amounts of sodium. 
Full linewidth at half maximum height / kHz 
Kss-Y (hydrated) 1.9 symmetric 
Kss-Y (dehydrated) 9.3 asymmetric 
Na4/Kss-Y 7.9 slight asymmetry 
Naa /Kss-Y 7.9 symmetric 
Na20/Kss-Y 7.6 symmetric 
Na4a/Kss-Y 6.8 symmetric 
Hayashi et al.1 recorded the 27 Al NMR spectrum, at 52 MHz with magic 
angle spinning (MAS), of hydrated and dehydrated Na-Y, and attributed the increase 
in linewidth to a distonion of the Al04 tetrahedra caused by the approach of the 
sodium cations to the framework on dehydration. As Table 7 .2 shows, a similar 
S. Hayashi, K. Hayamizu, 0 . Yamamoto, Bull. Chem. Soc. Jpn 60, 105 (1987). 
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effect was observed in K-Y, but remarkably the linewidth of the signal, which was 
located at - 60 ppm, decreased again with the addition of sodium. This would seem 
to suggest that, in the presence of additional atoms, the cations retreat once again 
from the framework, albeit to a much lesser extent than in the presence of water 
molecules. In the terminology of zeolite chemistry, the cause of this might be 
described as an inefficient coordination of the cations by the atoms, but the 
underlying physical reality is that there is a partial electron transfer from atom to 
ion. 
I 
J 
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I 1. 2 Discussion 
I a. Electron traps in mixed systems 
Westphal and Geismar 2 reported the interaction between alkali metal 
vapours (A) and Y zeolites containing a variety of alkali metal, alkaline earth and 
rare earth cations (B), and explained the small differences in the resultant optical 
spectra in terms of various AB3n+ clusters. The ESR spectrum of such a centre 
would be expected to exhibit a characteristic hyperfine splitting pattern, but so far 
no such pattern has been observed. A more likely explanation is that the observed 
differences may be attributed to a contribution from those atoms constituting the 
source of the singlet ESR signals of which Westphal and Geismar were unaware. 
The omens for the observation of a mixed centre are not good. The most efficient 
way of producing traps has been to use the more electropositive higher alkali metals 
to reduce zeolites containing the smaller cations, and there is no reason to suppose 
that a centre containing some cations of the reductant metal should be more stable 
than one consisting only of host cations, which anyway inevitably outnumber the 
guest atoms. Furthermore, a body of evidence discussed earlier has resulted in the 
empirical rule that electron traps occur only in the sodalite cage (Chapter 5), where 
the smaller ions are favoured. Together these factors provide an explanation for a 
second rule, that centres are fashioned only from the ions already present in the 
zeolite (Chapters 4 & 5-). 
Many of the above considerations are reversed in the reaction of sodium 
vapour with K-Y, but unfortunately this does not favourthe production of stable 
electron traps . At the outset the sodalite cages are occupied by potassium cations, 
2 
U. Westphal, G. Geismar, Z. anorg. a/lg. Chem. 508, 165 (1984). 
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and the production of a centre involving them would represent a partial reduction of 
potassium by sodium. Remarkably, hyperfine splittings consistent with both 
potassium and sodium ions were observed but the signal was much too weak to 
ascenain whether a mixed centre or separate sodium and potassium ones were 
responsible. After performing the reaction at rather higher temperatures, Breuer et 
al.3 observed the ESR spectrum of Na4 3+, which suggests that the sodium centre is 
the preferred product. This encapsulates the problems associated with the 
preparation of a mixed centre: only sodium and potassium have been demonstrated 
to form stable electron traps, and the sodium ones, in particular Na4 3+, are by far 
the more stable. 
Electron delocalization in mixed systems 
In previous chapters it has been demonstrated how, in the presence of its 
own cations, an alkali metal atom is unable to retain a valence electron, but must 
surrender it to either a multinuclear electron trap or a more general delocalization 
within the zeolite host. Thus the idea of forming small metallic clusters of atoms is 
confounded by the interaction between atoms and ions. The notion that, by the 
introduction of sodium atoms into a zeolite containing the cations of a more 
electropositive metal, this process might be defeated, is scotched by the NMR results 
of §7.1. In fact, the behaviour of the ESR singlet in the Na/K-Y system closely 
paralleled that in Na/Na-Y, the main difference being in the g-value. In the single 
metal systems, for each of the alkali metals, the ESR singlet has a characteristic 
g-value or range of values, largely determined by the spin-orbit coupling, which 
increases with atomic number (Chapters 4, 5 & 6). The value for Na/K-Y was 
equally consistent at around 2.0001, roughly midway between those for Na/Na-Y 
3 
R. E. H. Breuer, E. de Boer, G. Geismar, Zeolites 9, 336 (1989). 
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and K/K-Y, which suggests that the electrons responsible are falling under the 
influence of both sodium and potassium atoms. The same point is illustrated 
graphically in Figure 7.4, which shows the g-values of the singlets in a series of 
M/Na-Y compounds (where M = Na, K, Rb, Cs) plotted against those of 
M/M-Y,4 the latter serving as a measure of the spin-orbit coupling of the metal M. 
In this case the expectation is that the more electropositive guest atoms should 
relinquish their electrons to the sodium cations of the host, but the smooth decrease 
in g-value with the presence of heavier ions in Na-Y provides further proof that the 
electrons continue to interact with the cations of the more electropositive metal. 
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Figure 7.4 The g-value of the ESR singlet in M I Na-Y (M = Na, K, Rb, Cs) 
versus that in M I M-Y (see note 4). 
4 
For rubidium the g-value of Rb/ Li -X was used, which is marginally greater than that reported by 
Edwards et al. for Rb/ Rb-Y (see note 6). 
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Clearly these observations cannot be understood in terms of separate atoms 
and ions, but they are easily accommodated by the model developed in this work, 
whereby in return for a fra.Iilework coordination site, the incoming atoms are 
reckoned to give their valence electrons to be the common propeny of all cations. 
Since the number of guest atoms incorporated into a zeolite is never greater than the 
number of host cations, and generally much less (Chapter 8), the g-values in 
Table 7 .1 reflect in the main more the characteristic value of the host cations than 
that of the guest metal; or more precisely, the value in A/B-Z is usually closer to 
that in B /B-Z than that in A/ A-Z (where Z is any zeolite). A striking example of 
this was in Na/Cs-Y, where the ESR singlet had parameters similar to those in 
Cs / Cs-Y, justifying the conclusion that, even in this case, the role of the sodium 
vapour is primarily to provide electrons and that in effect a panial reduction of 
caesium ions by sodium takes place. 
Chemical differences are nevenheless not entirely without effect: that the 
points in Figure 7.4 do not lie on a straight line may well be a sign of the increasing 
reluctance of the electrons to interact with the more electropositive heavier atoms, 
which are therefore relatively less efficient in impaning their large spin-orbit 
coupling. The nature of the zeolite host can also play a pan. That the ESR 
parameters of K/Na-X were quite different from those of K/Na-Y, but similar to 
those of Na/K-Y, suggests that the electrons interact with the potassium ions more 
strongly in zeolite X than-in the isostructural zeolite Y. This observation, all the 
more surprising since Na-X contains more sodium cations than Na-Y, must have its 
origin in the difference in the silicon to aluminium ratios of the two· zeolites. That 
the same zeolite structure should have two names is an eloquent enough testimony 
that dramatic differences in properties on this account are well known to zeoiite 
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chemistry.5 In particular, whereas zeolite Y exhibits a preference for the alkali metal 
cations in the order Cs> Rb> K >Na> Li, in zeolite X the series (Na> K > Rb 
> Cs > Li) is almost reversed. The conventional explanation is that the framework 
of zeolite X, carrying a greater negative charge, readily coordinates the smaller 
cations, while zeolite Y prefers the less demanding larger ones. In many systems 
the incorporation of metal proceeds well past the stage where all the usual cationic 
sites must be considered occupied, and in this situation there must necessarily be 
some ions, whose coordination to the framework is at best tenuous, and these may 
be expected to draw more heavily on the 'pool' of delocalized electrons. This looser 
coordination may well be largely responsible for the greater cation mobility in 
Na/Na-Y with increasing added metal, which was inferred from NMR results 
(Chapter 4). As zeolite X prefers the coordination of sodium cations, the potassium 
ions in K/Na-X are likely to end up in the 'looser' sites and therefore influence the 
g-value of the ESR singlet more than they do in zeolite Y where potassium ions are 
favoured in the more conventional cationic sites. 
Lest this hint of inhomogeneity suggest, however, a rudimentary 
differentiation between ions and atoms, it must be pointed out that in single metal 
systems such as Na /Na-Y its effect on the ESR spectrum is negligible, and it is only 
in the mixed systems that such a detail becomes visible. In any case, the following 
exceptions clearly demonstrate that, in alkali metal zeolites, the distinction between 
atoms and ions is purely arbitrary. The g-value recorded for K/Li-Y fell within the 
characteristic range of potassium systems and the ESR parameters of Cs /Li-Y were 
practically identical to those of Cs/Cs-Y. The apparent absence of any interaction 
with lithium ions in this context recalls the lack of an electron trap in lithium zeolites 
5 
See for example A. Dyer, An Introduction to Zeolite Molecular Sieves, Wiley, Chichester 
(1988). 
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(Chapter 6) and suggests that the g-value of 1.9923 recorded for Rb/Li-X may be a 
better estimate of the characteristic value of rubidium systems than that reponed by 
Edwards et al.6 The reasons for this inenness are discussed in Chapter 8, but for 
now its imponance lies in the fact that the ESR singlets in lithium zeolites must result 
from the electrons and ions of the guest atoms only. Remarkably the ESR spectrum 
of Cs /Li-Y, with a ratio one electron to each caesium ion and therefore nominally a 
collection of caesium atoms, was no different from that of Cs/ Cs-Y with a ratio of 
less than 0.5, nominally an equal mixture of atoms and ions. 
6 
P. P. Edwards, M. R. Harrison, J. Klinowski, S. Ramdas, J. M. Thomas, D. C. Johnson, C. J. 
Page, JCS Chem. Commun. 1984, 982; M. R. Harrison, P. P. Edwards, J. Klinowski, J. M. 
Thomas, D. C. Johnson, C. J. Page, J. Solid State Chem. 54, 330 (1984). The values reported 
by these authors for M / M-Y systems are consistently lower than those reported in this work 
(see Chapter 8) . 
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17. 3 Summary 
Reported in this chapter are the results of reactions between the vapour of 
one alkali metal and zeolites containing the cations of another. In general, 
compounds were produced whose properties cannot be understood in terms of the 
atoms and ions of a single metal. 
No evidence was found of a stable electron trap comprising the ions of more 
than one metal; but, although the appearance and behaviour of the singlet ESR 
signals was very similar to that of the single metal systems, in most cases the exact 
parameters can only be explained by the assertion that the electrons responsible 
interact with the ions of both the host and the incoming metal, regardless of any 
difference in electropositivity. This conclusion, also confirmed by NMR evidence, 
lends considerable support to the model presented in this work. 
Based on the postulate that, in return for a framework coordination site , the 
incoming atoms give their valence electrons to be the common property of all 
cations, this model easily accommodates the details of the ESR results, and in a way 
which provides a valuable insight into the internal structure of the complex 
responsible for the ESR singlets. In addition, the exceptional inertness of lithium 
cations in this respect enables it to be argued that the characteristic ESR behaviour of 
alkali metals in zeolites is not a result of any interaction between guest atoms and 
host ions. 
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j s.1 The destructive reaction 
Although it has long been appreciated that zeolites are not thermodynamically 
stable, the observation that the oxygen atoms of the framework exchange with 
gaseous oxygen under mild conditions 1 is a striking indication of the potential 
extent of their fragility. The tendency of the zeolite framework to decompose was 
indeed the main synthetic problem encountered in this work, but because in the 
main its products are neither crystalline nor paramagnetic, little is known about 'the 
destructive reaction' between zeolites and alkali metal vapour. The degree of 
framework damage was found to depend on all aspects of the sample preparation, 
from the ion exchange process and the purity of the metal, to the dehydration 
procedure and the conditions of the reaction itself. It is hoped that, apart from 
serving as a detailed guide to those who may wish to prepare similar compounds, a 
discussion of these observations may shed some light on the matter. 
To test the effect of the ion exchange procedures a dummy exchange of 
Na-Y was performed (Chapter 2): although the crystallinity of the exchanged zeolite 
was not visibly worse than that of the precursor, the former, when exposed to 
sodium vapour, did produce slightly poorer samples of Na/Na-Y. Evidently, 
whatever changes occur in the zeolite framework during ion exchange, actual 
damage is a result of its interaction with the metal. A similar effect was observed 
with regard to the temperature of dehydration, where despite the fact that zeolites are 
unstable at elevated temperatures, those treated at lower temperatures often 
produced poorer samples. Such observations support the sugge~tion that the 
See for example A. Dyer, An Introduction to Zeolite Molecular Sieves, Wiley, Chichester 
(1988) . 
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degradation is assisted by residual water within the zeolite structure.2 Another piece 
of evidence in support of this hypothesis is the observation of poor crystallinity in 
samples where the metal reagent was contaminated with a substantial amount of 
oxide: alkali metal oxides are strongly deliquescent and may thus introduce moisture 
to the reaction vessel. In general the dehydration procedure was so stringent 
however, that such 'water' must be strongly bound, perhaps in the form of 
hydroxyl groups associated with crystal defects within the zeolite, which may arise 
during ion exchange or dehydration. This raises an interesting parallel with the 
'threshold effect', whereby the reaction of a zeolite with alkali metal vapour appears 
not to occur until the concentration of metal exceeds a certain value, which is 
independent of the metal vapour but dependent on the charge of the zeolite cations. 3 
The phenomenon is thought to be due to the reaction of the metal with the many 
hydroxyl groups which are supposed to be present at the outer surface of the zeolite 
crystallites and with those which form as a result of the hydrolysis of cenain 
cations, particularly multivalent ones, within the zeolite pores. The presence of the 
laner may well be one of the reasons for the failure so far of reactions between alkali 
metal vapour and zeolites containing cations other than those of group IA, and 
unfortunatdy the problem cannot be easily sidestepped since such zeolites are often 
also damaged by all but the mildest dehydration procedures. 
Not surprisingly perhaps, the most important factor determining the degree 
of zeolite decomposition \¥as the reaction temperature, which was kept as low as 
possible. Since high concentrations of metal were also found to impair the zeolite 
crystallinity, this measure has the added benefit of reducing the concentration of 
2 
3 
M. R. Harrison, P. P. Edwards, J. Klinowski, J. M. Thomas, D. C. Johnson, C. J. Page, J. Solid 
State Chem. 54, 330 (1984) . 
U. Westphal, G. Geismar, Z. anorg. a/lg. Chem. 508, 165 (1984). 
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metal vapour. One limit to this policy is defined by the need to have sufficient 
vapour pressure for the reaction to occur, a necessity which, along with the 
threshold effect, may account for the difficulty in preparing samples containing 
small amounts of additional metal. Another is the requirement for a sufficiently high 
rate of diffusion within the zeolite that the concentration of extra atoms does not 
build up near the surface of the crystallites to levels which would jeopardize the 
framework. In practice, although the heavier metals have lower boiling points, the 
diffusion requirement meant that the vast majority of the reactions were carried out 
at temperatures within fifty degrees of 250 °C. For the most part, these temperatures 
are lower than those used by earlier workers and, even allowing for the fact that the 
reactions took place under vacuum, are somewhat less than the metal boiling points. 
In this way the reactions were allowed to proceed in a controlled manner, taking 
anything up to two weeks for the preparation of homogeneous samples, but 
producing less framework damage and more consistent results than those carried 
out at higher temperatures. 
The extreme care taken in this work to produce samples with the minimum 
amount of framework damage is rendered all the more imponant by the knowledge 
that such damage can affect the ESR spectrum. In the well characterized Na/Na-Y 
system, an increase in the width of the singlet ESR line was the first symptom of a 
deterioration of the framework at high concentrations of added metal (Chapter 4), 
but more generally, poor crystallinity is consistently associated both with poor 
reproducibility and with the observation of lower than usual g-values for the singlet. 
This may be the principal source of the occasional discrepancies between the results 
of earlier workers and those reponed herein. The cause of the shift in g-values is 
not known, but it is probably the result of the interaction of the alkali atom valence 
electrons (which, delocalized, give rise to the singlet resonance) with the atoms of a 
fragmenting framework. It is doubtful whether the spin-orbit coupling of the 
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relatively light framework atoms is large enough to account for the reductions, 
which must therefore be the result of some orbital angular momentum. In fact the 
ESR parameters are often more sensitive to modest framework damage than powder 
XRD patterns and may therefore be used to examine differences in stability between 
various systems. Whereas for Na/Na-Z (where Z = A, X, Y) the g-value deviated 
from the norm only in extremis, the K/K-Z systems (Z = A, L, X, Y) exhibited 
different characteristic values; all are marginally less than that of potassium metal 
and probably reflect differences in the crystallinity of the products. In the case of 
Cs/Cs-Y the g-value of each sample was observed to drop with reaction time, 
indicating a gradual and unavoidable deterioration of the framework. 
Taken together the above results confirm that the caesium systems were 
much less stable with respect to zeolite decomposition than the potassium, which 
were in turn less stable than the sodium. For a range of zeolites containing alkali 
metal cations the thermal stability is known to increase down the series,4 so the 
trend reflects the increasing reactivity of the heavier alkali metals, and possibly in 
part the more severe ion exchange treatment undergone by the zeolites containing 
the heavier ions. For the synthetic faujasites (zeolites X and Y), the thermal stability 
has also been shown to increase with silicon to aluminium ratio,4 and indeed on the 
whole the framework of Na-X proved slightly more fragile than that ofNa-Y. In 
contrast, the crystallinity of the zeolite in K/K-Y was more difficult to protect (and 
the g-value lower) than fn any other potassium system. Although there was no 
visible sign of inhomogeneity, the ESR spectrum of K/K-Y was almost invariant 
with respect to the concentration of additional metal, which may be an indication 
that the incoming metal atoms do not quickly . disperse throughout the zeolite 
4 
C. V. MCDaniel , P. K. Maher, in Zeo/ite Chemistry and Catalysis (ed. J. A. Rabo) , ACS 
Monograph NO 171, p. 285 (1976) . 
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crystallites, but remain close to the surface, increasing the effective concentration 
and thus posing a threat to the framework. Any subsequent damage, of course, . 
tends to exacerbate the diffusion problem, and the use of a lower reaction 
temperature is, for the same reason, an imperfect solution. The importance of easy 
diffusion is further highlighted by the compounds of zeolite A, whose characteristic 
composite ESR spectra must be interpreted in terms of both a broad and a narrow 
singlet signal. In the case of Na/Na-A, the linewidth of the narrower contribution, 
like the minimum values recorded in both Na/Na-X and Na/Na-Y (Chapter 4), 
was less than that of bulk sodium metal at room temperature, strong evidence that 
this signal emanated from within the zeolite (see also Figure 5.12). The g-value of 
the signal, less than the standard value observed in zeolites X and Y, may once 
again result from the damaging effects of slow diffusion, the structure of zeolite A 
being much less open than that of X and Y. In this case the buildup of sodium at or 
near the surface of the crystallites is evidently so severe that aggregates form; the 
linewidth and g-value of the broader component are consistent with those of 
genuine metal particles. The same phenomenon may well be responsible for the . 
composite signals recorded in K/K-A, and indeed Cs/Cs-A, but the existing data 
on small particles of those two metals is in the former case too contradictory, and in 
the latter too scarce, to conclude the point. 
At this stage, it is clear that, although various factors related to the ion 
exchange, the dehydration, _the structure and ion content of the zeolite framework, 
can all influence the crystallinity of a product, the real villains of the piece are the 
alkali metal atoms themselves: regardless of any other circumstance, whenever they 
are present in large enough concentrations, whether in the gas phase or in the 
zeolite, framework collapse inevitably ensues. That some of the most corrosive 
vapours known should react with metastable solids is not at all surprising; that they 
should ever interact in a way that leaves the zeolite structure largely intact is quite 
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remarkable. The systems studied in this work therefore constitute an exception 
rather than the rule, and if at times their choice seems somewhat arbitrary, that 
merely betrays the identity of those other combinations whose products have so far 
failed to meet the latter criterion. Here it is success, not failure, which demands 
explanation. By far the most stable system with respect to zeolite decomposition 
was Na/Na-Y, the system which played host to Na4 3+, by far the most stable 
electron trap. The explanation seems to be that it is the relative stability of the very 
traps and complexes examined in this work that protects the host zeolites from 
destruction. 
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I s. 2 The driving force 
Since it now seems clear that the participation of the z.eolite cations in a 
complex involving the valence electrons of the incoming atoms is vital in 
neutralizing the reactivity of alkali metal atoms towards the aluminosilicate 
framework, it is necessary to consider in general the driving forces behind the 
formation of such complexes, and in particular the reason for lithium's quiescence. 
Fortunately a clue is provided by the compound resulting from the interaction 
between caesium vapour and silicalite, which alone amongst those prepared in this 
work, displayed a metallic lustre and detuned the ESR cavity to such an extent that 
no signal could be recorded. These observations suggest that the metal was in this 
case much less finely divided than usual-indeed not finely divided enough for it to 
have penetrated substantially into the z.eolite pores. The problem is thrown into clear 
relief by the reflection that the atomic radius of caesium is too large for its atoms to 
enter even zeolites X and Y, so it may be concluded that the reaction must proceed 
by the transfer of an electron from the atoms of the vapour to the ions of the z.eolite 
and the subsequent diffusion of the newly created surface ions into the interior. 
Silicalite is in fact a polymorph of silica having the same structure as the zeolite 
ZSM-5; but, containing (virtually) no framework aluminium, it has no cations to 
accept an electron, and consequently caesium cannot be intercalated into the 
crystallites. Inevitably, the buildup of reactive metal at the surface eventually 
resulted in the destruction of the framework unless the reaction was performed at 
temperatures of 100 °C or less. 
Remarkably, this requirement for ionization to occur appears to obtain 
whether or not the atom in question is small enough to enter the z.eolite. All attempts 
to introduce alkali metals to high silica z.eolites such as mordenite (r = 5) or ZSM-5 
met with failure. Similarly, it has already been stated that reactions between the 
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vapour of a less electropositive metal and a zeolite containing more electropositive 
cations produced relatively poor samples and that the effect was most noticeable . 
when the difference in electropositivity was greatest (Chapter 7). Again the most 
likely cause of zeolite decomposition is a buildup of atoms at the swface: it is no 
surprise, that the transfer, for instance, of an electron from a sodium atom to 
caesium ions should occur with a certain degree of reluctance, much more that it 
should occur at all. The same phenomenon has been observed in the interaction of 
mercury with zeolite X, where the sorption was slight when the zeolite contained 
Na+, Ca2+ or Pb2+ ions and 'copious' when the ions were Ag+ or Hg 2+.5 The 
explanation proffered was that, in the latter cases, the process is driven by the 
following reductions: 
Hg + 2Ag+ ~ Hg 2+ + 2Ag 
-8.1, 
Hg + Hg2+ ~ Hg22+ 
-8.2. 
Interestingly, the second of these reaction schemes is suggestive of that often 
written for the preparation of N a4 3+ (reaction 4 .1 ), and the point is reinforced by 
the observation that sorption continues long after reaction 8.2 should be complete, a 
process which can be described by the further reaction 
-8.3, 
but which is in reality very probably analogous to what happens in the alkali metal 
reactions reported herein . 
Although such equations are useful in highlighting that the incorporation of 
metal atoms into zeolites on a large scale occurs only if ionization of the incoming 
5 
R. M. Barrer, J. L. Whiteman, J. Chem. Soc. A 1967, 19. 
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atoms is possible, they do not begin to explain why this should be so. Kasai and 
Bishop 6 have proposed that, since the cations of a dehydrated zeolite are bound to 
the inner surface of the intracrystalline voids, it may .be regarded as an 'expanded 
ionic crystal', whose Madelung energy can be greatly increased if these voids are 
filled with suitably oriented additional ionic or polarized species. The zeolite is 
therefore disposed to behave as a 'solid state ionizing solvent', and the authors have 
used this idea to rationalize a variety of endothermic processes, all of which result in 
an increase in the number of ions within the pores of zeolites X and Y. They also 
sought to include the creation of Na 4 3+ within this general scheme by writing it as a 
simple ionization, 
- 8.4. 
Even if the electron cannot in this case simply be regarded as any other anion, this 
formalism is of considerable heuristic value . Throughout this work observations 
have been explained in terms of ions and electrons rather than ions and atoms, and 
in this chapter the imponance of ionization at the crystallite surface has been 
demonstrated. Cenainly, theoretical calculations suggest that charge separation does 
occur within zeolites , with values as high as+ 0.7 predicted for the sodium ions in 
Na-X and Na-Y:7 ·8 The results of Chapter 7, which demonstrate that the extra 
electrons, introduced to the zeolites through their interaction with alkali metal 
vapour, are not evenly distributed amongst the cations, may be taken as evidence 
that, here too, the zeolite is capable of arranging the charge Within its pores in order 
to maximize its Madelung energy. Significantly, the calculated charge of lithium 
ions in Li-Y is less than one tenth of a full electronic charge, and with this , an 
6 
7 
8 
P. H. Kasai, R. J . Bishop, J. Phys. Chem. 77, 2308 (1973) . 
W. J . Mortier, P. Geerl ings, J. Phys. Chem. 84, 1982 (1980) . 
E. E. Dilmukhambetov, V. I. Lygin, E. G. Chadiarov, Z. Fiz. Khim. 62,226 (1 988). 
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explanation can at last be offered for the inermess of lithium: the lithium ion is so 
tightly bound in dehydrated zeolites that it carries little net positive charge, and 
therefore behaves more as a pseudo framework atom than an exchangeable cation. 
Even if only briefly, one further aspect of the reaction between alkali metals 
and zeolites needs to be considered, and that is the extent of the sorption. Although 
the pore volume obviously places an upper limit on the amount of alkali metal which 
might be incorporated into a zeolite, the value of that limit is far from obvious. The 
uncertainty is centred on the radius which must be used in the calculation of the 
volume occupied by the extra atoms within the zeolite, the ionic radius of sodium, 
for instance, being just over half the atomic or metallic radius. In any case, although 
the lowest estimate for the number of extra sodium atoms which should fit into 
Na-Y, for example, is around 100 atoms p.u.c., damage to the framework began to 
occur at concentrations just over half that value (Chapter 4 ), and it is true to say 
that, with the exception of Na/Na-Y, on no occasion was a number of extra atoms 
incorporated into any zeolite, which was greater than the number of ions already 
present. In many cases, this translates into an apparent maximum loading level 
which is much less than would be expected from any consideration of pore volume 
alone, and which must be dependent on chemical factors . It seems that for each 
corn bination of metal and zeolite, there may be an optimum ratio of guest atoms to 
intrinsic cations-in effect a maximum stable overall electron density. This goes 
some way towards explaiDing why in Figure 5.12 the silicon to aluminium ratio of 
the host zeolite could be taken as a measure of the average interelectronic distance in 
highly concentrated samples. In conclusion then, on the grounds of volume alone, 
the process of intercalation cannot be considered as a simple filling of the zeolite 
void space with metal, but even so, the concentrations of metal achieved are 
amongst the highest ever recorded in zeolites. Comparable levels of molybdenum 
I 
! i 
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have been introduced into Na-Y by Yong and Howe,9 through the iterative 
adsorption and decomposition of Mo(C0)6; interestingly, here too substantial 
damage was incurred by the framework long before the zeolite pores could be 
considered filled. 
9 
Y. S. Yong, R. F. Howe, JCS Faraday Trans. 1 82, 2887 (1986). 
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19 .1 Summary of results 
Reported in this dissertation are the results of the most extensive and 
detailed study of the interaction between alkali metal vapour and zeolites, yet 
undertaken. The products were characterized by electron spin resonance (ESR) 
spectroscopy, and the results interpreted, where appropriate, in comparison with 
those from the products of the chemical reduction of the zeolites, or with simulated 
spectra. Some results from solid-state nuclear magnetic resonance (NMR) 
measurements are also presented. The generic feature of the ESR results is a 
symmetric singlet resonance whose characteristics cannot be understood in terms of 
metal atoms or particles within the zeolite pores. Although the presence of this 
singlet is independent of any structural particular of the zeolite, a relationship has 
been uncovered between its linewidth and the silicon to aluminium ratio of the host, 
which demonstrates the controlling influence of the zeolite over the details of the 
spectrum. The observation of an anisotropic version in the one-dimensional K-L is 
an indication of the potential importance of what may be termed the zeolite 
superstructure. In contrast, the presence of stable electron traps is shown to be ·a 
particular occurrence, conditional both on the presence of the sodalite cage structural 
unit, and on the absence of excessive ion crowding. The known electron traps 
N a4 3+ and K 4 3+ have been examined in greater detail than before, and Sanderson's 
electronegativity model is applied to relate small variations in the hyperfine splitting 
of the former to the composition of the zeolite host. In addition two new centres 
(Na/+ and Nas 4+) have been discovered, and at last the existence of the elusive 
Na6 5+ is confirmed, completing a series of Nan<n-l)+ traps (n =}, 4, 5, 6). A 
similar series may exist for potassium, but no traps involving other cations, or a 
mixture of sodium and potassium cations, have been detected. 
I: 
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19. 2 Comment 
In the introduction attention was drawn to the fact that the two roles of a 
zeolite-firstly as an active solvent, able to stabilize unusual ionic species, and 
secondly as a passive host for small metallic particles-did not seem entirely 
compatible. Although the efficacy of the vapour reaction in introducing alkali metal 
into zeolites selectively and on a large scale is clear, the thought that it might result 
in small intracrystalline particles of metal may now be dismissed. That the role of 
the zeolite is anything but passive is most graphically illustrated by the deduction 
that the incorporation of metal atoms into the zeolite pores proceeds through the 
transfer of an electron from the atoms of the vapour to the ions of the zeolite and the 
subsequent diffusion of the newly created surface ions into the interior. Not only is 
this ionization instrumental in providing the driving force for the intercalation, it is 
the keystone of a deceptively simple model which accommodates the full range of 
experimental observations, in particular those relating to the singlet ESR lines 
previously attributed to small metal particles, which have been studied in some . 
detail for the first time. The model is based on the postulate that, in return for a 
framework coordination site, the incoming atoms give their valence electrons to be 
the common propeny of all cations. The strongest piece of evidence in suppon of 
this idea comes from the products of reactions between the vapour of one alkali 
metal and zeolites containing the cations of another: the ESR parameters of such 
compounds can only be explained by the assenion that the electrons responsible 
interact with the ions of both the host and the incoming metal, whatever the 
difference in electropositivity. This conclusion is confirmed by NMR results. 
Conventionally a metal is described by the notional separation of its 
constituent atoms into a regular array of ions and a 'gas' of free electrons. Although 
neither exists in practice, perhaps the closest approximation to the former is a 
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dehydrated zeolite, where cations, coordinated on only one side to the anionic 
framework, line the inside of a series of interconnected cavities. The reaction with 
metal vapour can be considered simultaneously to increase the number of cations in 
the zeolite and to introduce electrons to the system; both processes may be 
imponant in the evolution of electron delocalization-neither sodium gas nor 
sodium chloride are metallic. Since the distance between neighbouring cations in the 
zeolites used is of the same order as, or less than, that in the bulk metals, in this 
case the increase in electron density is likely to be the dominant factor. As electrons 
are introduced to the array of cations which is our zeolite the first point to emerge is 
that that no single ion is able to trap a valence electron: no evidence for the existence 
of alkali metal atoms within the pores of a zeolite has been recorded. The first 
electrons introduced to the zeolite either find their way to a stable multinuclear 
electron trap or, in the absence of these, roam within the cavity system with 
sufficient mobility that no hyperfine coupling is resolved. When the concentration 
of electrons, whether trapped or mobile, reaches the level where exchange 
interactions begin to occur, all hyperfine splittings are finally lost. Thus the lack of 
hyperfine splitting from the various cations which characterizes these singlet lines is 
the result of both exchange and motional averaging processes. Operative at all but 
the lowest concentrations of added metal, the more important of these is the former: 
the idea of domains of interacting centres, helps to explain a wide range of detailed 
observations relating to the lineshape, and variations in the linewidth, of the singlet 
resonance in compounds such as Na/Na-Y. The motional process is effective both 
at low concentrations in those compounds which do not possess a stable electron 
trap, and at high concentrations of added metal where, in conjunction with the 
exchange interaction, it may well contribute to the. narrowness of the observed lines. 
This possibility is supported by NMR results, which suggest that the sodium atoms 
and ions in Na/Na-Y are more mobile than the ions in dehydrated Na-Y. 
1, 
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It is of more than passing interest that the characteristic g-values of the 
sodium and potassium singlets are the same as the values for bulk metal, and even 
the value for caesium agrees much more closely with that calculated for caesium 
metal, than the rather anomalous experimental result. With the loss of hyperfine 
splitting and talk of electron delocalization, the question must be asked, whether 
such compounds are in fact metallic. In samples containing a large amount of added 
metal the concentration of electrons is certainly greater than the critical concentration 
of solvated electrons in solutions of alkali metals in ammonia, at which a transition 
from nonmetal to metal takes place. Nevenheless, in silicon doped with 
phosphorus, it is known that 'spin delocalization' occurs before 'charge transpon 
delocalization' as the concentration of phosphorus donors is increased, 1 so the 
absence of hyperfine splitting is no guarantee of conducting propenies. Perhaps the 
closest analogy, however, is with the solutions of alkali metals in alkali halides.2 
Here, as in zeolites, the cations are both mobile and in excess of the number of 
electrons, and at high concentrations of metal, the characteristic exchange-narrowed 
F-centre lines eventually give way to ESR signals attributed to metal clusters. At this 
point we appear to have come full circle. Having first failed to reconcile experiment 
with the assumption of small metallic panicles within the zeolite pores, we have 
finally emerged with a completely different model for alkali metals in zeolites, 
which may nonetheless be metallic. Metallic or no, the g-value of the singlet lines is 
characteristic of nothing so much as metal, and indeed the fact that liquid sodium 3 
2 
3 
D. F. Holcomb, in The Metal Nonmetal Transition in Disordered Systems (ed. L. R. Friedman, D. 
P. Tunstall), SUSSP Publications, Edinburgh (1978), p. 251 . 
N. Nicoloso, W. Freyland, J. Phys. Chem. 87, 1997 (1983). 
A. Ya. Vitol, E. G. Kharakhashyan, F. G. Cherkasov, K. K. Shvarts, Fiz. Tverd. Tela 13, 2133 
(1971 ), trans. Soviet Phys. Solid State 13, 1787 (1972). 
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and potassium 4 have the same values as the solid metals implies that this imponant 
property is not dependent on the presence of the bulk lattice structure. The results 
presented in this dissertation suggest that it is dependent only on the interaction 
between electrons. 
Perhaps the most remarkable thing about these new additions to the ranks of 
those chemical systems close to the metal-nonmetal transition, is that their ESR 
behaviour seems not to be strongly dependent on details such as electron density, 
but is determined by the geometrical constraints imposed by (and very probably the 
diluent effect of) the zeolite framework. As a glance at § 9 .1 will confirm, examples 
of the influence exerted by the zeolite framework pervade this work, so this is 
probably a very appropriate note to end on. 
4 
R. C. MCMillan, J. Phys. Chem. Solids 25, 773 (1964). 
Appendix 
Neutron diffraction studies on some of the compounds mentioned in this 
work have been carried out at Grenoble in collaboration with Prof. Karl Seff, 
University of Hawaii. Although the refinement of these results is still in progress, it 
is helpful at this stage to list some preliminary conclusions: 
(i) in Na/Na-Y no sodium atoms were detected other than in the normal 
cation sites of Na-Y-no diffraction lines attributable to metal or 
metal particles were observed; 
(ii) the overall occupancy of sites in Na/Na-Y was greater than in 
dehydrated Na-Y; 
(iii) Na/Na-Y, like dehydrated Na-Y, had no atoms in site Sn'; 
(iv) with the addition of sodium to dehydrated N a-Y the occupancy of 
site SI' grew at the expense of Sr. 
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